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* ABSTRACT. 


A detailed examination of pteroylglutamate derivatives in extracts of 
Spinach, pea, and wheat leaves, as well as the cotyledons of radish seed- 
lings, has been conducted. Derivatives were assayed microbiologically 
with Lactobactllus caset (ATCC 7469), Streptococcus faecalts (ATCC 8043) 
and Pediococeus cerevtstae (ATCC 8081) after separation by DEAE-cellulose 
chromatography and treatment with y-glutamyl carboxypeptidases. On a dry 
weight basis, spinach, pea and wheat leaves, and radish cotyledons con- 
tained 28, 15, 14 and 30 ug pteroylglutamate activity for L. caset per g 
of tissue, respectively. In. general, the constituents of the pteroyl- 
glutamate pool were conjugated with more than three glutamic acid residues 
and were substituted with formyl and methyl groups in the N’° and N® 
positions of tetrahydropteroylglutamic acid respectively. Smaller quant- 
ities of N°-formyl and unsubstituted derivatives were also detected. 
Highly conjugated derivatives were only detected when precautions were 
taken to destroy endogenous y-glutamyl carboxypeptidase activity. This 
was routinely achieved by heating the tissue at 95°C in ascorbate buffer 
before homogenization. 

A comparison of pteroylglutamate contents in cotyledons obtained from 
seedlings grown in a 13:11 hour light:dark cycle with those of etiolated 
seedlings revealed that green tissues contained greater quantities of all 
derivatives, the total levels being approximately twice that of etiolated 
cotyledons. Illumination of etiolated seedlings for 24 hours increased 
the pteroylglutamate level by approximately 20%. This increase was inhibited 
by treatment with aminopterin which also markedly inhibited chlorophyll 
biosynthesis. Also, levels of pteroylglutamates in cotyledons increased 


rapidly during the first 6 days of growth and declined with senescence. 


i 


Le is concluded that tissues with a more complex and intense metabolism 
require greater amounts of these compounds to mediate their one-carbon 
metabolism. 

An examination of seedlings grown in a 13:11 hour light:dark cycle 
revealed that levels of pteroylglutamate derivatives were altered by 
commencement of the illumination period. The major effects were a decrease 
of 10 ug in formyl derivatives and an increase of 7 ug in unsubstituted 
derivatives per g dry cotyledons. The significance of these changes are 
discussed in relation to operation of the glycolate pathway and changes 
in the levels of serine associated with illumination of these tissues. 

Formate-C'* was readily incorporated into methyl and formyl pteroyl- 
glutamates of illuminated (2000 foot candles) cotyledon disks during a 
10 min feeding period, suggesting that some interconversion of these 
derivatives occurred in vivo. No radioactivity was detected in these 
compounds after administering HC'*03 and glycine-2-C’*. The reasons for 
this are discussed in relation to the synthesis of 5,10-methylene-C!*- 
tetrahydropteroylglutamate and its compartmentation. 

Aminopterin-treatment of radish cotyledons resulted in a rapid 
depletion of methyl pteroylglutamates while levels of formyl and unsub- 
stituted derivatives declined less abruptly. Pteroylglutamic acid 
accumulated in these tissues. Studies of the effects of aminopterin- 
induced pteroylglutamate deficiency on the ability to fix HC’"03 
indicated that photosynthesis was partially inhibited. 

The results are discussed in relation to earlier investigations 
which have implicated pteroylglutamate derivatives in the one-carbon 
metabolism of plants. It is suggested that these derivatives are 
important in radish cotyledons in.the formation of methyl groups and in 


reactions of the glycolate pathway. 
sig 
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INTRODUCTION AND LITERATURE REVIEW 


Biological systems have a Seo coenzyme, H,PteGlu or derivatives 
with additional glutamic acid moieties, associated with the metabolism 
of one-carbon units. This coenzyme is a reduced form of PteGlu, a 
vitamin commonly referred to as folic acid. H,PteGlu serves as a 
coenzyme in a number of otherwise unrelated pathways by acting as an 
acceptor or donor of one-carbon units at the oxidation levels of formate, 
formaldehyde, and methanol. This coenzyme is functional in the bio- 
synthesis and degradation of purines, pyrimidines, and various amino acids. 
It is also important in other cellular reactions such as protein bio- 
synthesis and the de novo generation of methyl groups. The metabolic 
role of H,PteGlu will be discussed below with special reference to plant 
systems. Other aspects of this coenzyme as a vitamin, such as its 
discovery, its chemical and physical properties, its synthesis, as well 
as its importance in clinical studies, are not of direct interest here 
and the reader is referred to a number of excellent reviews (Wagner and 
Folkers, 1965; Huennekens and Osborn, 1959; Stokstad, 1954; Johns and 
Bertino, 1965; Nystrom and Nystrom, 1967; Sullivan, 1967; Baker 


and Frank, 1968). 


Pteroylglutamates and the Metaboltsm of Pyrimidines and Purtnes 


Nutritional studies with bacteria have revealed that pteroylgluta- 
mates are involved as coenzymes in the biosynthesis of thymine derivatives 
(Stokes, 1944). With the advent of compounds enriched with isotopic 


carbon, it was shown that a one-carbon group, arising from the 3-position 
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of serine or the 2-position of glycine, was readily incorporated into 


thymine in bacteria (Crosbie, 1958) and rats (Elwyn and Sprinson, 1950). 
Formate and formaldehyde were also good precursors in this synthesis 
(Goldthwait and Bendich, 1952; Hamill et al., 1956). Pteroylglutamate 
deficiency caused by an aminopterin treatment, markedly decreased 
incorporation of these precursors in the rat (Goldthwait and Bendich, 
1952) and in suspensions of mouse Erlich cells (Prusoff et al., 1956). 
Aminopterin is a pteroylglutamate antagonist and interferes in the 
biosynthesis or regeneration of H,PteGlu from H2PteGlu. This latter 
pteroylglutamate derivative is inactive as a eases, Z.és H,PteGlu 
cannot function as a carrier of one-carbon units in biological systems. 
Elucidation of thymine biosynthesis in vitro followed, and was 
culminated by proposal of a sequence of three reactions (reactions 1-3) 
for the biosynthesis of deoxythymidine and the subsequent regeneration 


of the coenzyme with a one-carbon substituent (Humphreys and Greenberg, 


1958). 
d UMP + 5,10-CH2=H,PteGlu===* +d TMP + H,PteGlu aD 
H,PteGlu + NADPH, =————~_ H,PteGlu + NADP (2) 
MePceG nin + ©!) te) CH =HyPteGlu (3) 


The reaction catalyzed by thymidylate synthetase (reaction 1) is of 
special interest as the pteroylglutamate coenzyme plays a dual role: 
firstly, as a donor of the one-carbon group, and secondly, as a reductant. 
Therefore, before the same pteroylglutamate molecule can be involved 
again in the transfer of one-carbon groups (reaction 3), its pteridine 
ring must be reduced at the expense of NADPH, (reaction 2). It should 


be noted that the one-carbon group in reaction 3 must enter at the 
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formaldehyde level of oxidation to allow repetition of the sequence of 
reactions presented here. 

The thymidylate synthetase system has been studied almost exclusively 
with soluble enzyme preparations from thymus and £. colt. Despite the 
importance of this system in the biosynthesis of a DNA precursor, it is 
surprising that its presence has been demonstrated in only relatively 
few tissues. It is of interest to note that to date, no higher plant 
tissues have been examined for thymidylate synthetase (Blakley, 1969). 

Extracts of £. colt infected with T-even phage can synthesize 
another pyrimidine, 5-hydroxymethylcytidylate, according to equation 4 


(Flaks and Cohen, 1959). 


dad CMP + 5,10-CHs=HiPteGiu +: HO — 5-hydroxymethyl-d CMP 


+ H,PteGlu (4) 


Since no oxidation of the pteridine ring occured in this reaction, its 
mechanism is believed to be quite different from that of thymidylate 
synthetase. 

In purine ring biosynthesis the HsPteGlu derivatives play 
an important role as donors of carbons 2 and 8. The reactions 
involved have been extensively studied with extracts of avian liver, 
a tissue in which purine synthesis is high, due to the formation of uric 
acid, a major excretory product. 5,10-CH=H,PteGlu provides a one-carbon 
group (reaction 5) which eventually becomes carbon 8 of the purine ring 
(Buchanan and Hartman, 1959). Carbon-2, the last carbon added before 
closure of the purine ring, is derived from 10-HCO-HyPteGlu (reaction 6) 


(Buchanan and Hartman, 1959). 
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4. 
2~amino-N-ribosyl-acetamide-5'-phosphate + 5,10-CH=H,PteGlu ——— 


2-formamido-N-ribosyl-acetamide-5'-phosphate + 


9-amino-1-ribosy1-4-imidazole-carboxamide-5'-phosphate + 
iKUSTs E34 C50 Cb ye pee 
5- formamide-1-ribosy1-4-imidazole-carboxamide-5'-phosphate + 


H,PteGlu (6) 


Studies with ean cultures support a similar pathway for purine 
biosynthesis in microorganisms. Intermediates of the pathway were 
metabolized as expected and blockage of the pathway by either a genetic 
deficiency or inhibitor resulted in the accumulation of intermediates 
preceeding the blocked reaction (Hartman and Buchanan, 1959). 

There is rather fragmentary evidence for rie pathway of purine 
biosynthesis in higher plants. For example, Iwai et al.-(1963) have 
shown that sulfonamide treated pea seedlings which were folate deficient 
accumulated 2-amino-N-ribosyl-acetamide-5'-phosphate. In other work, 
seedling extracts of Phaseolus radtatus appeared to utilize 5-amino- 
imidazole-carboxamide at increased rates as germination proceeded (Giri 
and Krishnaswamy, 1957). This same intermediate labelled with C’* was 
readily incorporated into purines of excised wheat embryos (Berezniak 
and Wang, 1961). The involvement of pteroylglutamates in the biosynthesis 
of both deoxy- and ribonucleic acids in algae is suggested by the work of 
Scheffrahn (1966). It was found that p-aminobenzoic acid and PteGlu 
could reverse the marked decrease in nucleic acid content of sulfonamide- 
inhibited Chlorella cultures. 


Pteroylglutamates also participate in the fermentation of purines 
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by Clostrtdiwn and other bacteria (Rabinowitz and Pricer, 1957). 
Formiminoglycine, an intermediate in this fermentation, was further 
degraded to glycine in a reaction requiring H,PteGlu (reaction 7). The 
2-HCNH-H,PteGlu was then oxidized to 10-HCO-H,PteGlu, which in turn was 


converted to formate and H,PteGlu (see later section of this Introduction). 
formiminoglycine + H,PteGlu === 5-HCNH-H,PteGlu + glycine (7) 


Metabolism of purines in plants has not been clearly elucidated to 
date. Scanty evidence supports a pathway in which purines are firstly 
oxidized to allantoin, which is eventually hydrolyzed to urea and 
glyoxylate (Reinbothe and Mothes, 1962). For example, radioactivity 
readily appeared in urea after the administration of adenine-8-C!* to 
leaves of several higher plants (Reinbothe, 1961). Also a proposed route 
for the metabolism of glycine to urea in wheat seedlings included purines 
and allantoin as intermediates (Krupka and Towers, 1958). The occurrence 
of uricase and allantoinase in higher plants may have physiological 
Significance in this connection (Theimer and Beevers, 1971). Thus in 
higher plants it appears that formiminoglycine is not an intermediate in 
purine degradation; and hence H,PteGlu would not be involved in this 


aspect of plant purine metabolism. 


Pteroylglutamates and the Metaboltsm of Amino Actds 


Nutritional studies and radioisotope feeding experiments employing 
a variety of organisms have revealed that a close biological relationship 
exists between glycine and serine (for example, see reviews by Blakley, 
1969; Huennekens and Osborn, 1959). The freely reversible interconversion 


of serine and glycine (reaction 8) was found to require H,PteGlu (Kisliuk 
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6. 
and Sakami, 1954; Blakley, 1954) and pyridoxal-5'-phosphate (Blakley, 


1955). The enzyme involved, 
serine + Ee PLeG Ue glycine + 5,10-CH2=H,PteGlu (8) 


commonly named serine hydroxymethyltransferase (E.C. 2.1.2.1 L-serine: 
tetrahydrofolate-5,10-hydroxymethyltransferase) has been isolated from 
a wide variety of organisms (Blakley, 1969). Glycine-serine inter- 
conversion is readily catalyzed by cell-free plant tissue extracts from 
many sources, including turnip hypocotyls (Wilkinson and Davies, 1958), 
castor bean endosperm, pea cotyledons, corn coleoptiles, carrot storage 
tissue and wheat leaves (Cossins and Sinha, 1966). The enzyme has been 
partially purified from turnip hypocotyls (Wilkinson and Davies, 1960), 
cauliflower florets (Mazelis and Liu, 1967), tobacco roots (Prather and 
Sisler, 1966), and corn leaves (Hauschild, 1959). All the purified 
enzyme preparations from plant tissues peer pyridoxal-5'-phosphate 
as well as H,PteGlu for optimal activity. Chloroplast extracts were 
also capable of forming serine-C’* when incubated in the presence of 
glycine, formaldehyde, H,PteGlu, and pyridoxal-5'-phosphate (Shah and 
Cossins, 1970p). Additional evidence tor sthe présence of this. enzyme. in 
plants comes from numerous studies of the fate of glycine-C’* and 
serine-C!* in vivo (for example, see Rabson, Tolbert and Kearney, 1962; 
Miflin, Marker and Whittingham, 1966; Sinha and Cossins, 1964; Wang and 
Burris, 1965). 

Blakley (1969) is of the opinion that serine (reaction 8) is 
quantitatively the most important source of "'active'' one-carbon units in 
both mammals and microorganisms. If this is so, the fate of the other 


product, glycine, must also be considered. It can be envisioned that more 
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12 
glycine would be formed than required for further metabolism, such as 
protein biosynthesis. It has been argued that the major pathway of 
glycine catabolism to CO2 in rat liver is via glyoxylate and formate. 
These conclusions were based on results obtained by 'metabolic-trapping" 
of products formed from glycine-C'* by rat liver extracts (Nakada et al., 
1955) The formate could, of course, enter the active one-carbon pool 
before further oxidation to CO, (see later part of this Introduction). 

On the other hand, in experiments with avian liver slices and homogenates, 
it was found that free glyoxylate was not an intermediate in the form- 
ation of CO» from the carboxyl carbon of glycine (Richert et al., 1962). 
More advanced studies have shown that glycine is readily decarboxylated 
(reaction 9) by rat liver homogenates and slices, with the enzyme(s) 
responsible being localized in the mitochondria (Sato et al., 1967, 1969a; 


Yoshida and Kikuchi, 1970). This is a H,PteGlu-dependent reaction. 
plycine: + HyPtegiu ——— 5,10-CH2=H,PteGlu + CO. + NH3 (9) 


If the product glycine from reaction 8 is degraded in this manner the 
original serine molecule yields two molecules of 5 ,10-CH»=H,PteGlu, 
plus CO, and NH3. Thus reaction 9 would have a sparing effect on the 
entrance of serine-3 carbon units into the one-carbon pool. The glycine 
cleavage reaction is important to glycine fermenting bacteria, which 
utilize the 5,10-CH,=H,PteGlu in a reversal of reaction 8 to generate 
3-carbon molecules for anapleurotic metabolism and oxidation to acetate 
(Klein and Sagers, 1962). 

The glycine cleavage reaction has been extensively studied in 
bacterial systems. It is very complex, involving at least 4 protein 


factors (P,, P2, P3 and Py) and 3 cofactors as outlined in the following 
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scheme (Scheme 1) (Baginsky and Huennekens, 1966). It appears that rat 
liver has a similar mechanism of glycine cleavage (Motokawa et al., 1969; 
Sato et al., 1967, 1969a,b). There is some evidence that a glycine 
splitting reaction may be operative in plant tissues (Cossins and Sinha, 
1966). Several other workers have speculated, on the basis of glycine to 
serine conversion, that such a reaction may occur in plants (for example, 
see Wang and Waygood, 1962; Rabson, Tolbert and Kearney, 1962). This 
reaction has also been implicated in the glycolate pathway (Tolbert and 
Yamazaki, 1969; Bruin et al., 1970) and photorespiration (Kisaki and 
Tolbert, 1970). The latter two concepts will be described in more detail 
invarlater séction on this’ Introduction. 

5-CH3-H,PteGlu or its polyglutamate derivatives are instrumental 
in the biosynthesis of methionine from homocysteine in a reaction 
catalyzed by 5-CH3-H,PteGlu:homocysteine methyltransferase. This 
enzyme, when isolated from Neurospora crassa, Eschertchta colt, and 
Saccharomyces cerevtstae, was specific for 5-CH3-H,PteGlu, or 5-CH3- 
H,PteGlu3; (Burton et al., 1969). The transmethylase in extracts of 
bean Taavee utilized both mono- and triglutamates of 5-CH3-H,PteGlu as 
methyl donor in methionine synthesis (Burton and Sakami, 1969). A part 
of this transmethylase activity in leaves is localized in the chloro- 
plasts (Shah and Cossins , 19702). In work with germinating pea cotyledons, 
Dodd and Cossins (1969, 1970) have shown the presence of a homocysteine- 
dependent transmethylase with a high affinity for 5-CH3-H,PteGlu as 
methyl donor. Since these tissues were known to be actively synthesiz- 
ing 5-CH3-H,PteGlu and S-adenosylmethionine, it was suggested that this 
transmethylase probably has importance in the de novo synthesis of 


methionine, which in turn is converted into S-adenosylmethionine by 
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SCHEME 1 


THE MECHANISM PROPOSED FOR THE CLEAVAGE OF GLYCINE 


CH2-COOH + P,-pyridoxal phosphate —= P,-Py+P = N-CH2-COOH 


NAD S C0. 
P, (red) eX | 
( S 
SH 
NADH, P; (ox) P< 
SH 


P,-Py—P = N-CH2OH 


NH2 


Py H,PteGlu 


5,10-CH»=HyPteGlu + NH,” 


+ P,-Py-P 
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ATP:L-methionine S-adenosyltransferase (E.C. 2.5.1.6) (Mudd, 1960; Dodd 
and Cossins, 1970; Cantoni, 1965). S-adenosylmethionine is known to be 
a major methyl donor in many biosynthetic reactions (Mudd and Cantoni, 
1964; Meister, 1965). Considering these reactions, it is clear that 
pteroylglutamates play an indirect, but key role in a variety of 
transmethylation reactions. 

Another series of reactions dependent on 5-CH,-H,PteGlu accounting 
for the biosynthesis of methionine exists in microorganisms and manmals 
(see, for example, Blakley, 1969). The reaction mechanism is very 
complex and is as yet not fully understood. Intensive investigations by 
various laboratories have shown that the reaction requires cobalamin, 
S-adenosylmethionine, and certain reducing agents (Taylor and Weissbach, 
DOG ell Oore 190904, balay lor@andgLes uel 9/ 0asbs elaylor.1970 seRosales 
epiatejnl9/0)eceThesoccurrence of ethesesreactions in higher ‘plants has 
not been established to date. 

In microorganisms, histidine is synthesized by a pathway which 
includes purine intermediates. A pteroylglutamate derivative, namely 
10-HCO-H,PteGlu, plays a key role in the reaction sequence by donating 
a one-carbon unit which becomes the carbon 2 of the imidazole ring 
(Meister, 1965). All animal species studied required dietary histidine 
for growth and maintenance of nitrogen equilibrium (Meister, 1965). 
Plants contain histidine and being autotrophic must of necessity be able 
to synthesize it. However, to the writer's knowledge, no studies 
concerning histidine biosynthesis in higher plants have been published. 

The catabolism of histidine in mammalian liver and microorganisms 
occurs via the intermediary formation of formiminoglutamic acid in the 


urocanoic acid pathway (Meister, 1965). An enzyme from mammalian liver 
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A 
capable of catalyzing the transfer of the formimino group to H,PteGlu 
has been isolated (Tabor and Rabinowitz, 1956). It would be of interest 
to determine whether plant tissues, particularly senescing tissues, 
catabolize mniise Sic ch by involvement of H,PteGlu. Again no information 
concerning this aspect of histidine metabolism is available for plant 
tissues. Other pathways would also have to be considered, for example, 
those involving a non-enzymic oxidation of imidazolonepropionic acid 
(Mahler and Cordes, 1965). 

Much evidence has been accumulated to indicate that N-fornyl 
methionine plays an important role in the initiation of polypeptide 
synthesis in bacterial systems (Attardi, 1967; Lengyel and Soll, 1969). 
In the presence of a transformylating enzyme, the formyl group from 
10-HCO-H,PteGlu is transferred to methionyl-transfer ribonucleic acid 
(met-tRNA¢) (Dickerman, 1967). Present knowledge regarding the mechanism 
of protein synthesis in chloroplasts and mitochondria of higher plants 
suggests that it is similar to that of bacterial systems (see review by 
Boulter, 1970) including chain initiation by N-formyl-methiony1-tRNA¢ 
(Senwarezser ale, 196/; Burkard er al. , 1969 Merrick and Dure, 1971; 
Leis and Keller, 1971). However, the mechanisms of protein biosynthesis 
in the cytoplasm of higher plants and animals appear to be different 
from that of bacteria in a number of respects (Boulter, 1970). This 
latter mechanism does not appear to include chain initiation with N-formyl 


methionine. 


Formation and Interconverston of H,PteGlu Derivatives 


Scheme 2 summarizes the major reactions involved in the formation 


and interconversion of HyPteGlu derivatives substituted with a one-carbon 
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unit at different levels of oxidation. Enzymes catalyzing these reactions 
are known to occur in microorganisms and various mammalian tissues (see, 
for example, Friedkin, 1963; Huennekens, 1966). It is interesting to 
note that concomitant with reduction of the one-carbon group of 
10-HCO-H,PteGlu, transfer of it to the N°-position occurs. 

In plants the presence of enzymes catalyzing the formation of one- 
carbon derivatives of H,PteGlu has been substantiated. For example, 
both 10-HCO-H,PteGlu synthetase and serine hydroxymethyltransferase from 
several plant species have been partially purified and studied (Hiatt, 
1905; lwal .ét a@l..e1967a.b,c > Cossins,and| Sinha, 1966;eMazelasand: liu, 
1967; Wilkinson and Davies, 1960; Hauschild, 1959; Prather and Sisler, 
1966). 

The enzymes which interconvert 10-HCO-H,PteGlu and 5-CH3-H,PteGlu 
have only had limited study in plants. 5,10-CH,=H,PteGlu dehydrogenase 
has been detected in a number of plant tissues (Wilkinson and Davies, 
1960; Wong and Cossins, 1966) and that from pea cotyledons has recently 
been studied in this laboratory (Cossins et al., 1970). Ammonium 
sulfate fractionated extracts of pea cotyledons have ability to synthesize 
5-CH3-HyPteGlu from HyPteGlu when formaldehyde or serine are provided as 
a source of one-carbon groups. The cofactor requirements for this 
synthesis, namely FAD, NADPH2, and pyridoxal phosphate, suggested that 
reactions 4 and 7 of Scheme 2 were catalyzed by the extracts (Roos, 
1971). The absence of 5-CH3-H,PteGlu among the pteroylglutamate 
products when NADPH, was omitted supports this suggestion. To date the 
occurrence of 5,10-CH=H,PteGlu cyclohydrolase has not been unequivocally 


demonstrated in plants. 


The enzymes mentioned thus far in this section are functional in the 
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de novo formation of methyl groups from more oxidized members of the 
one-carbon pool. It is emphasized that these reactions are especially 
important to plants for the provision of the methyl groups required for 
growth. In contrast, mammals can obtain a large part of their methyl 
group requirement from the diet. 

Scheme 2 also shows the interrelationships of 5-HCNH-H,PteGlu and 
5-HCO-H,PteGlu with other substituted H,PteGlu derivatives. Since 
5-HCO-H,PteGlu can be utilized by pea seedlings to relieve H,PteGlu 
deficiency (Iwai et al., 1962; Suzuki and Iwai, 1970) it is possible that 
reaction 9 or 10 of Scheme 2 takes place tn vivo. However, none of the 
reactions (reactions 8-11) which convert the 5-substituted derivatives 
to another form have been conclusively demonstrated with plant systems 
tn vivo or tn vittro. 

The biosynthetic pathway of H,PteGlu has not been fully elucidated 
in any organism. On the basis of limited studies in plants, the pathway 
appears to be similar to that proposed for other organisms (for example, 
see Blakley, 1969; Roos, 1971). Work by Mitsuda and Suzuki has shown 
that leaf extracts convert guanidine-monophosphate to dihydropteridine 
(Mitsuda et aZ., 1965, 1966; Mitsuda and Suzuki, 1968) while Iwai's 
group has demonstrated that the enzymes required for the utilization of 
a dihydropteridine and formation of H,PteGlu are present in pea seedling 
extracts (Iwai et aZ., 1968). More detailed investigations of the 
dihydropteroate (Iwai and Okinaka, 1968; Okinaka and Iwai, 1970a,b,c) 
and the dihydropteroylglutamate synthetases (Ikeda and Iwai, 1970) have 
confirmed their role in plant tissues. Additional evidence for a pathway 
similar to that of other organisms comes from inhibitor studies. Sulfon- 


amides, which are metabolic antagonists of p-aminobenzoic acid, induced 
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symptoms of pteroylglutamate deficiency in pea scedlings and Chlorella 
(Iwai et al., 1962; Scheffrahn, 1966). These symptoms could be relieved 
by administration of p-aminobenzoic acid, PteGlu, or 5-HCO-H,PteGlu. 
H2PteGlu reductase (E.C. 1.5.1.3, 5,6,7,8-H,PteGlu:NADP oxidoreductase) 
from a higher plant source has been studied in detail (Andreeva, 1968, 


Suzuki and Iwai, 1970). 


Addtttonal Informatton Regarding Pteroylglutamates in Plants 


Mitchell and his associates (1941) discovered that spinach leaves 
were a rich source of the vitamin PteGlu and accordingly named it folie 
eteilal. © lite Syephoey (ope this, studies of pteroylglutamate metabolism in plant 
tissues have been neglected in many respects until recently. However, 
due 86 the nutritional and clinical interest in this vitamin, plant 
material of dietary importance has frequently been analyzed for "folic 
acid" content. Initially, only total levels as assayed with Lactobacillus 
caset, Streptococcus faecalis, and Pedtococcus cerevisiae were determined 
(Burkhoelder*and McViegh, “1945; “Olson. evtaz. 51949; “Toeprer"ettaly, 95is 
Banerjee et al., 1954; Holloman et QU. 1907). VAsweach bacterialgspecies 
responded to only certain derivatives of PteGlu (for details see Materials 
and Methods), such assays suggested that the "folic acid" content of 
plants contained several different derivatives (Stokstad, 1954). The 
introduction of paper and column chromatography in later analyses of 
plant extracts confirmed this prediction. Formyl derivatives of H,PteGlu 
and derivatives with the pteridine ring partially or fully oxidized have 
been identified in plant extracts (Rosso, 1958; Iwai et al., 1959; 
Butterworth et aZ., 1963; Santini et al., 1964). In addition, the 
occurrence of derivatives conjugated with one or more glutamic acid 


residues have been reported in the literature (Toeptertet ae. e195); 
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5-CH3-H,PteGlu was not recognized as a constituent of the pteroyl- 
glutamate pool in higher plants until investigations from this laboratory 
were reported (Roos et al., 1968). Later studies disclosed that it was 
the most prevalent derivative in extracts from germinating pea cotyledons 
and leaves, and it, as well as other derivatives, were also present in 
extracts of isolated chloroplasts from pea and corn leaves (Shah et al., 
1970; Shah and Cossins, 19704). Other workers have confirmed the nrecence 


of 5-CH3-H,PteGlu derivatives in wheat plants (Rohringer et al., 1969). 


Posstble Relattonships Between One-carbon Metabolism and Photosynthesis 


There is now considerable evidence from tracer and enzymological 
studies that the glycolate pathway (Scheme 3) is an important route in 
higher plants for flow of photosynthetically fixed CO, into hexoses 
(for example, see review by Tolbert and Yamazaki, 1969). It has been 
estimated that as much as 50% of the total carbon incorporated by tobacco 
leaves may flow through the glycolate pathway (Asada et al., 1965; Hess 
and Tolbert, 1966). Many of the enzymes of the pathway are localized 
in peroxisomes, although some are associated with the chloroplastic and 
cytoplasmic fractions (Yamazaki and Tolbert, 1970; Tolbert, 1971). The 
glycolate pathway has also been found in algae, in a form slightly 
modified from that of higher plants due to enzymic differences (Bruin 
Steg venmo1 0). 

An essential step of the glycolate pathway is the overall 
conversion of 2 glycine molecules to serine and CO2. It is well 
established (Tolbert and Yamazaki, 1969) that glycine-C’" and other early 


intermediates of the glycolate pathway can be metabolized to serine by 
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photosynthesizing plant tissues. Intramolecular distribution of !"C in 
the resulting serine suggested that a cleavage of glycine was involved 
during this synthesis (Rabson, Tolbert and Kearney, 1962; Wang and 
Waygood, 1962; Wang and Burris, 1963; Sinha and Cossins, 1966; 
Miflin, Marker and Whittingham, 1966; Bruin et al., 1970). Very recently 
it was shown that the glycine to serine conversion in spinach preparations 
can be resolved in two distinct reactions: decarboxylation of glycine and 
Synthesis of serine (Kisaki et al., 1971b). ‘These reactions are 
mediated by glycine decarboxylase and serine hydroxymethyltransferase 
Pespectively a tmAtlethesactivity of thettormersand mest) Omithesactivity of 
the latter was concentrated in the mitochondrial band during isopycnic 
centrifugation (Kisaki et al., 197la). The activity of both of these 
enzymes increased upon the addition of H,PteGlu to the reaction system 
(Kisaki et al., 1971b). H,PteGlu presumably functioned as carrier of 
thes carbon 2 of clyeime, the precursor of the carbon 3 of the resulting 
serine. In support of this, mitochondrial suspensions formed stoichio- 
metric amounts of CO2, NH3, and serine from-glycine (Kisaki et al., 
1971b). The glycine decarboxylase reaction is of interest in that 
maximum velocity was not attained even when the glycine concentration 
was 2.5 M. From these studies, it was not established whether 5,10-CH2= 
H,PteGlu formed in this reaction can exchange or be fed into the general 
one-carbon pool or whether it is preferentially utilized in serine 
biosynthesis tn vivo. Considering the products of this reaction, it 
is tempting to conclude that it may be identical in mechanism to that 
summarized in Scheme l. 

The last few years have seen a considerable interest in photo- 


respiration, a process which encompasses the uptake of O2 and release of 
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CO2 associated with photosynthesis. On the basis of physiological 
criteria, the process of photorespiration is different from dark 
respiration (Tolbert and Yamazaki, 1969). Photorespiration appears to 
have close relationships with one-carbon metabolism as the CO» evolved 
is thought to arise from the glycine cleavage reaction referred to 
earlier in this Section (Kisaki and Tolbert, 1970; Tolbert and Yamazaki, 
1969; Kisaki et al., 197la,b). It has been further suggested (Tolbert, 
1971) that the one-carbon group arising from this reaction may also 
be oxidized to CO, via 10-HCO-H,PteGlu and formate. The magnitude of 
this latter oxidative conversion has not, however, been evaluated. 
One-carbon groups may conceivably arise from two other photosynthe- 
tic intermediates, glycolate and serine, both of which are members of 
the glycolate pathway, but which may also arise via other sequences of 
CO> fixation (Zelitch, 1965; Bassham, 1965). First of all, H,0, produced 
as a result of glycolate oxidase activity, can spontaneously oxidize 
glyoxylate to formate and CO, (Zelitch and Ochoa, 1953). Such formate 
could enter the one-carbon pool as a result of 10-HCO-H,PteGlu synthetase 
activity. Activated one-carbon groups also can be formed by the normal 
activity of serine hydroxymethyltransferase from the carbon 3 of serine. 
A group of compounds chemically related to H,PteGlu have also been 
implicated in the process of eS cs, Pteridines were, at one 
time, believed to be involved in the photosynthetic incorporation of 
cC!"Q. (Metzner et aZ., 1957; Metzner et al., 1958; Fuller et al., 1958a; 
Van Baalen et al., 1957). This belief proved to be fallacious when it was 
shown that the supporting evidence was, in fact, based on an artifact of 
paper chromatography (Fuller et aZ., 1958b). A relationship between 


pteridine content and photosynthetic capacity has also been noted for 
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ae 
blue-green algae, spinach chloroplasts, (Forrest et al., 1957), tand 
photosynthetic bacteria (Maclean et al., 1966; Kobayashi and Forrest, 
1967). Further work led to the suggestion that such pteridines may 
function as the primary electron acceptor in the photosynthetic reaction 
centre (Fuller and Nugent, 1969). Such a role in photosynthetic bacteria 
has, however, been questioned recently as the bulk of extractable 
pteridines were not associated with isolated chromatophores or preparations 


of the photosynthetic reaction centre (Reed and Mayne, 1971). 


The Present Investtgation 


Although the prime importance of H,PteGlu derivatives in biological 
systems is widely appreciated, it is apparent that relatively little is 
known about H,PteGlu-mediated metabolism in plant tissues. It is clear 
that knowledge in this area has increased rapidly in recent years but 
relatively few detailed studies of endogenous levels of pteroylglutamates 
in photosynthetic tissue have been reported. In general such reports are 
mainly of nutritional interest as such studies have aimed at an evaluation 
of dietary intake of these vitamin derivatives. Considering the techniques 
generally used in such work, it is clear that losses of labile compounds 
occurred during extraction and consequently the quantity of pteroylgluta- 
mates in the final extract would be different from that in vtvo. This 
would partially explain the large differences in the pteroylglutamate 
levels reported for the same type of tissue when analyzed in different 
laboratories (for example, see Table 1 below). Moreover, the occurrence 
of 5-CH3-H,PteGlu in plants had not been reported prior to the start of 
this investigation, even though it was commonly found in the pteroyl- 


glutamate pool of other organisms (Keresztesy and Donaldson, 1961; 
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Silverman et al., 1961; Bird et al., 1965; Sotobayashi et al., 1966). 
Clearly, a detailed study of the pteroylglutamates present in photo- 
synthetic tissue was appropriate. | 

To date, the metabolic roles of H,PteGlu derivatives in photo- 
synthetic plant tissues have mainly been studied tn vitro and the 
importance of these roles in vivo have not been well evaluated. In view 
of suggestions that H,PteGlu is involved as one-carbon carrier in an 
important pathway of carbon flow in photosynthesizing tissue, further 
studies were undertaken to examine the metabolic interrelationships of 
the H,PteGlu derivatives in photosynthetic tissue and to evaluate the 
contribution that the photosynthetically formed Rarerned ates may make 
to the one-carbon pool. Included in these studies were detailed analyses 
of the H,PteGlu derivatives in plant tissues subjected to varying 
conditions which affected photosynthesis. The effect of aminopterin on 
the H,PteGlu derivatives and the incorporation of HC!*03 into ethanol 
soluble fractions by illuminated radish cotyledon disks was also examined 
in an attempt to obtain a more complete understanding of the role of 
H,PteGlu in photosynthetic tissue. 

Radish cotyledons were selected as the major tissue of investigation 
for a number of reasons. Preliminary studies showed that they contained 
a high level of various H,PteGlu derivatives, and furthermore, this 
tissue could be readily grown under controlled conditions. Also, earlier 
work conducted in this laboratory (Caballero and Cossins, 1970; Cossins 
and Caballero, 1970) indicated that this tissue readily fixed CO, into 


glycine and serine when illuminated. 
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24. 
MATERIALS AND METHODS 


Plant ttssues 


All plant materials were grown from seed in flats containing a 
sterilized loam-peat-sand (3:2:1) soil mixture. The seeds were covered 
with a fine layer of sand to keep the shoot tissue clean when watered 
with tap water. The flats were routinely illuminated for 13 hours daily 
by fluorescent and incandescent lighting of 2000 ft. c. intensity. 
Etiolated tissue was grown in total darkness and handled only in 
subdued light before use in Scrat tic: Radish (Raphanus sativus L. cv. 
"Scarlet Globe') and wheat seedlings (frttteun vulgare L. cv. 'Thatcher') 
.were grown in growth cabinets at 25°C; spinach (Spinacea olereacea L. cv. 
"King of Denmark') and pea (Pisum sattvum L. cv. 'Homesteader') plants 
were grown at 18°C. The plants, still in their flats, were routinely 
removed from the growth cabinet to the laboratory 30 minutes before the 
experimental tissues were rapidly excised and used in experiments. 

The laminar portion of the cotyledons from radish seedlings of 
varying age as noted in the Results were used as the main experimental 
tissue. Wheat seedlings were grown for 8 days at which time the leaves 
were excised by cutting 1 cm above the coleoptile sheath. Spinach and 
pea plants were grown until mature tissue was present, generally 30-40 
days. Typical leaves were then excised and used as the experimental 
material. In some cases, leaf and cotyledon tissues were quickly frozen 
in an acetone-dry ice bath, lyophilized and stored under vacuum at -20°C. 
When fresh tissue was used, dry weight equivalents were obtained by use 
of a dry weight/fresh weight ratio. The dry weight was determined by 


drying a sample of tissue comparable to that used in the experiment at 
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105-11 02Gatore 24: hours. 


Chlorophyll contents were determined by the method of Arnon (1949). 
80% Acetone extracts were prepared, and their absorbancies at 645 and 


663 nm were used in calculations of chlorophyll concentration. 


Chemtcats 


General chemicals of the highest quality commercially available were 
obtained from Fisher Scientific Co., Edmonton, and Nutritional Biochemical 
Co., Cleveland, Ohio. Fisher Scientific and Schwarz Mann Research 
Chemicals, Toronto, supplied ascorbic acid. 

Various pteroylglutamate derivatives were obtained from commercial 
sources as follows: PteGlu was obtained from Nutritional Biochemical Co., 
H,PteGlu from the Sigma Chemical Co., St. Louis, Mo., d,2-5-HCO-H,PteGlu 
from Lederle Products, Cyanamid of Canada, Montreal, P.Q. PteGlu; was a 
Pitt from Dr. Ws: Sakami,. Case Western Reserve University; )Cleveland; 

Ohio. 

number of other pteroylglutamate derivatives were synthesized by 
using one of the above sources as starting material. 10-HCO-H,PteGlu was 
formed in two ways. First, a solution of commercially obtained 5-HCO- 
H,PteGlu was made to pH 1 by addition of 6 M HCl. After 60 minutes, the 
pH was rapidly changed to 8.5 by addition of a few drops of 5 M NaOH 
(Rabinowitz, 1963). The other method required PteGlu for starting 
material. This derivative was reduced by the method of Davis (1968) and 
formylated in concentrated (90%) formic acid (Rowe, 1968). 5S-CH3-H,PteGlu 
was prepared by borohydride reduction of 5,10-CH=H,PteGlu (Chanarin and 
Perry, 1967) or alternatively, by borohydride reduction of the formalde - 


hyde-H,PteGlu adduct (Sakami, 1963). Triglutamate derivatives were 
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20; 
prepared using PteGlu, as starting material and proceeding as above. 
Diglutamate derivatives were routinely prepared from the corresponding 
triglutamate compounds by use of chicken pancreas y-glutamyl carboxy- 
peptidase (see below). H,PteGlu was prepared from PteGlu according to 
the method of Futterman (1963). In all cases, the synthesized products 
had spectral (Stokstad and Koch, 1967) and microbiological properties 
as reported in the literature (see Figure 1; Blakley, 1969; Johns and 
Bertino, 1965); 


Aminopterin was obtained from the Sigma Chemical Co.. 


Extraction of Pteroylglutamates from Plant Tissues 


samples of tissue (1-2 g fresh weight or 0.1-0.2 g dry weight) were 
subjected to one of the following extraction procedures. 

Method I: Heating prior to homogenization. 

The plant tissue was immersed for 10 minutes in 15 ml ascorbate 
buffer (12 mg/ml ascorbic acid adjusted to pH 6.0 by addition of 5 M KOH) 
at 95°C. The tissue and buffer were then rapidly cooled in ice and 
homogenized in a ground glass homogenizer. 

Method II: Homogenization followed by heat treatment. 

This was essentially the method described by Bird et al. (1965). 

The tissue was homogenized in the ascorbate buffer (described above) at 
0°C, then rapidly heated in a 95°C water bath for 10 minutes, and finally 
EOGLedeIieLce. 

Method III: Homogenization in the presence of ethanol. 

This method was similar to Method II, except that the ascorbate 
buffer contained either 20% or 50% ethanol (Methods IIIA and IIIB 


respectively). 
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Method IV: Homogenization at pH 8.0. 


This was also a modification of Method II. The ascorbate buffer 
contained boric acid (final concentration, 0.05 M) and was adjusted to 


pH 8.0 with KOH. 


After preparation of the homogenate by one of the above Methods, 
cellular debris and coagulated materials were removed by centrifugation 
at 18,000 x g for 10 minutes. The pelleted residue was washed twice by 
resuspension in 10 ml of the ascorbate buffer (described above) and 
centrifuged again. The supernatants were combined, made to volume, and 
stored at -20°C. When ethanol was present in the extracts, the pooled 
supernatants were lyophilized to dryness and the residue redissolved in 


distilled water. 


Mterobtologtcal Assay of Pteroylglutamate Dertvattves 


Lactobacillus caset (ATCC 7469), Streptococcus faecalts (ATCC 8043), 
and Pediococeus cerevtstae (ATCC 8081) were the bacteria used for assay 
of pteroylglutamate derivatives. Stock cultures were maintained on 
Simple yeast extract-agar slants (Freed, 1966). Inoculum bacteria were 
grown on inoculum broth overnight and washed free of broth with 0.9% 
saline (Freed, 1966). The basal assay medium for L. caset was prepared 
according to Freed (1966), that for S. faecalis according to Jukes (1955) 
and that for P. cerevistae according to Bakerman (1961). Five ml 
aliquots of basal media were dispensed into 20x150 mm culture tubes in 
covered metal racks and sterilized at 121°C for 8 minutes. For details 
of the composition of the agar slants, inoculum broth, and media, the 


reader is referred to Appendix I. 
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Additions to the sterilized basal assay medium were made aseptically 
and consisted of ascorbate solution (final concentration, 6 mg/ml, pH 6.8), 
0.1-0.5 ml aliquot of the sample to be assayed, water to a volume of 10 
mls and finally two drops of diluted bacterial inoculum. 

The growth response of the bacteria was measured by titration of 
the lactic acid produced during 70 hours of incubation at 37°C, at which 
time growth was essentially complete. A Beckman Expandomatic pH meter, 
fitted with a combination Bien was used to monitor the back- 
titration with standard 0.1 M NaOH to the original pH of the medium 
(pH 6.8). Reference curves were prepared for each assay using freshly 
prepared, standardized PteGlu solution for LZ. casei and S. faecalis and 
d, £-5-HCO-H,PteGlu solution for P. cerevtstae (see Appendix I). The 
stock PteGlu solution which was used with dilution for setting up 
reference curves, was prepared by careful weighing of PteGlu. It was 
dissolved with the aid of a few drops of 5 M NaOH. The concentration 
was tested colorimetrically using para-aminobenzoic acid as standard 
(Scniatrinore alse. 1959 )pand"it was totndstoO pe.93.2t) 15570Leche 
calculated concentration. As the difference from calculated concentration 
was smaller than deviation normally associated,with microbiological 
assay, no correction was made. However, the concentration of stock 
solution of d,2-5-HCO-H,PteGlu was only 66.9 + 1.0% of the concentration 
calculated from the manufacturer's specifications. Equimolar amounts of 
PteGlu and 2-5-CHO-H,PteGlu were found to give equal growth response of 
L. caset when the concentration of the latter was based on the colori- 
metric assay. Accordingly, the corrected value for the concentration of 
d, 1-5-HCO-H,PteGlu was used when P. cerevistae standard curves were 


constructed. It was assumed that d-5-HCO-H,PteGlu did not promote the 
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growth of the microorganisms (May et al., 1951). The stock solutions of 
standard PteGlu and d,2Z-5-HCO-H,PteGlu were stored under toluene at 4°. 
They were stable for at least 3 years as no decrease in the slopes of 
standard curves was noticed during the course of this investigation. 

All samples were routinely assayed in duplicate. For determination 
of levels of total pteroylglutamates, at least three aliquot sizes were 
employed. All dilutions to bring the pteroylglutamate concentration into 
the range of linear growth response were made using 6 mg/ml ascorbate 


solution, pH 6.8. 


Enzymatte Hydrolysts of Pteroylpolyglutamates 


Pteroylpolyglutamates cannot be quantitatively assayed using 
conventional microbiological assay without prior hydrolysis of the 
y-glutamyl peptide bonds (Blakley, 1969). Hydrolysis is normally 
accomplished by incubation of extracts with a y-glutamyl carboxypeptidase. 
In this investigation, y-glutamyl carboxypeptidase was prepared from 3 g 
of Difco-Bacto chicken pancreas extract (Difco-Laboratories, Detroit, 
Mich.) as outlined by Eigen and Shockman (1963). Activity of the 
partially purified enzyme was ascertained by incubation with commercial 
yeast extract (Difco Laboratories). The incubation mixture routinely 
contained 0.2 ml enzyme (0.8 mg protein), 0.1 ml of 0.25 M CaClo, 2.5 ml 
of 0.2 M boric acid adjusted to pH 7.8 with NaOH, and 5 ml of extract 
containing pteroylpolyglutamates. The final volume was 10 mls. After 
incubation for 5 hours at 37°C, the reaction was terminated by heating 
the tubes in a water bath at 95°C for 10 minutes. Controls with boiled 
enzyme were routinely included. It should be noted that chicken pancreas 


y-glutamyl carboxypeptidase treatment of a pteroylpolyglutamate results 
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30. 
in the formation of a pteroyldiglutamate (Dabrowska et al., 1949). 


Enzymatic hydrolysis of pteroylpolyglutamates in fractions obtained 
by DEAE-cellulose chromatography (see below) was carried out with a 
y-glutamyl carboxypeptidase from pea cotyledons. Chicken pancreas 
y-glutamyl carboxypeptidase was not used here since the presence of high 
phosphate concentrations in the fractions made it desirable to avoid 
calcium ions which are required for its activity (Mims and Laskowski, 
1945). The choice of pea cotyledons as enzyme source was also influenced 
by the fact that it has considerable activity at pH 6.0 and was readily 
obtainable (Appendix II). The enzyme was prepared by homogenization of 
10 g of 3-day-old pea cotyledons in 100 ml of citrate-phosphate buffer. 
This buffer contained 42 mmoles of citric acid and 108 mmoles of K,HPO, 
and had a pH value of 5.5 (Gomori, 1955). Cellular debris was removed by 
centrifugation at 20,000 x g for 10 minutes. The supernatant proteins 
were then fractionated by precipitation with (NH,)2SO, (Green and Hughes, 
1955). The 0-25% and 25-80% fractions were precipitated by slow addition 
Ch Ni) oo0 with: Stirning ator 230 minutes and collected by centrifugation 
at 20,000 x g for 10 minutes. A small amount of the 25-80% fraction 
(approximately 250 mg) was dissolved in 5 ml of the citrate-phosphate 
buffer described above and passed through a 1.5x25 cm of Sephadex G-10 
(Pharmacia, Montreal) to desalt the solution. Finally, the desalted 
protein solution was diluted with additional buffer to obtain a protein 
concentration of 2.5 mg/ml. Aliquots (0.2 ml) of this diluted protein 
solution were used to hydrolyze the pteroylpolyglutamates in the fractions 
obtained by DEAE cellulose chromatography. In order to expedite 
microbiological assay, only alternate fractions received enzyme solution 


while the remaining fractions served essentially as controls. The 


Mery wenesatnig se aie ani ti. ere cides 
dkoen 08 A6dees nd tt -abon miokiabd aft, aint 
Pepelesl ban ai! cteebish ea it Liat gigs rea oot 

leanintRerh kts aie oomure angers an SAP leas any, 2 thew watts of 
Vhibeds easy Min 0.6 Sq, a vt dani oldierebranto wed 7 Say a 
he paliisiiequmadl, of beessine eawe one GT), 171, taweh) aid 
volt Mateo ehiertis to [a Of AE Sibyl) Q tes earl ii 
fhe Vey Seta BH: tye, Bisa oFi hte ¥, sch tert EP Lanka sang 5 sound 2k 
wi heresies: eee cies! (set , -aietind) » €,46° 26) wth aj a rr iF 
aeisioad Thelema if. .2eturlin (Lag eRe 0 te pee ataane 
solpat! Eee: AST) Pay fP0T cdisae ue Srna selon © (nities Lee oh aad 

eis ilar tele. VE EATS tert at. Corot: OR-2) Bee ne oP nit (geen 7 

motanuitirenes ys wareilies tue #05 Ow: Wass oliy 6) 88 u 

fase? Neneh sit lo sayy ee Of yr + < 6,08 : 
SHG (Ebts str bo loch tovborsll ste Com am oe 
OE) Sitpeyd V6) uty BH) wal eagey ie ely neo heaaaly wiki ~ 
bares ade faa! midi wit Sieesb oi (ies ere 
Mrelety © ain AF zeta) ice “ie dt Gn ti eee pL hes 
Paapaty heat fur in tito obey invge <5 3 nolomee 
eno aie: ei Mdieytaloyteon biel dy BAG sey cingt ay Lirenas Raa 


adtetgpes «03 iiisiin at! bag i api hl 01 thn 2 


- a. Latinas moe qt! eemegia [lnc sueea 
ieee | ore eh IY Tad ests sm eres ta 


ae ar rae ae 


Sh 
The hydrolyses were allowed to proceed for 16 hours at 37°C and were 


terminated by steaming for 10 minutes before assay using L. caset. 
Protein determinations were by the Folin-Ciocalteu or Biuret 
methods (Layne, 1957). Egg albumin (5 x crystalline; Nutritional 


Biochemical Co.) was used as the reference standard. 


DEAE-Cellulose Colwnn Chromatography of Pteroylglutanates 


Pteroylglutamate derivatives were separated using columns (final 
size 1.5 x 20.0 cm) of DEAE-cellulose (Nutritional Biochemical Co.) 
containing Hyflo-Supercel (eisher Scientific). hes coelwms were 
prepared as described by Sotobayashi et al. (1966). Up to 20 ml of 
plant extracts, containing pteroylglutamates, were applied to the columns 
and washed into the bed with 2 x 2 ml aliquots of 6 mg/ml ascorbate 
solution (pH 6.0). Elution of the derivatives was achieved with a 0 to 
0.5 M KH,PO, gradient (pH 6.0) in the presence of ascorbate (Sotobayashi 
Cradle 1900), Fractions of 5 ml were’ collected™in: tubes containing 
0.3 ml of 60 mg/ml ascorbate solution (pH 6.0) using an LKB Ultrarac 
fraction collector (LKB Produckter AB, Stockholm). The fractions were 
used immediately for microbiological assay or stored at -20°C until 
required. Recoveries of authentic pteroylglutamates and of derivatives 
present in plant extracts after chicken pancreas y-glutamyl carboxypep- 
tidase treatment were normally in the range of 90 + 10%, as found by 
others (Sotobayashi et al., 1966; Rohringer et al., 1969). The only 
exception was authentic H,PteGlu which had 60-80% recovery after DEAE- 
cellulose column chromatography (Roos, 1971). 

Figure 1 is a representative elution of pteroylglutamates from 


DEAE-cellulose. The elution shown is that of the derivatives present in 
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FIGURE 1 
DEAE-cellulose chromatography of plant pteroylglutanate derivatives 


Pteroylglutamate extracts of pea leaves were prepared by Method II 
and chromatographed on DEAE-cellulose. The location and measurement of 
the derivatives was achieved by differential assay using L. caset (e@ - e) 
and S. faecalts (o - 0). Assays involving P. cerevisiae were essentially 


Similar to those using S. faecalts. 


Growth response 


Bea pe ee VC TINA C1 Ve ee COB UERY ee CAid oe cena 
a 10-HCO-H,PteGlu + * + 
b 10-HCO-HyPteGluz + + ie 
e 5-HCGO-HiPteGlu + + + 
d 5-CH,-H,PteGlu + = 
e TOZHCOSH Etec lus + - z 
£ HePteGlu ‘ + & 

5-HCO-H,PteGlu, + + + 
h oeCLecl EP teGlus + 3 = 
a‘ He PteGlu, + 2 se 
j 5-HCO-H,PteGlu, + : ‘ 
k 5-CH,-H,PteGlu, + : : 
m PteGlu* 4. eo . 


* The positions of elution of 10-HCO-H,PteGlu, and PteGlu are indicated 
in the Figure, but these derivatives were not detected in the extract 
cnromatographed in this case. 
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pea leaves when extracted by Method II. Also given, are the positions of 
two derivatives which were not found in this particular extract, but 
which were encountered in plant extracts during the course of these 
investigations. 

Identification of pteroylglutamate derivatives in natural extracts 
was based on a number of criteria. Firstly, the position of elution 
during DEAE-cellulose column chromatography (Figure 1). For comparison 
the elution was standardized using 11 authentic pteroylglutamate 
derivatives. The elution pattern obtained was generally consistent with 
that reported earlier in work where identical or similar conditions had 
been employed (Sotobayashi et al., 1966; Silverman et aZ., 1961; Noronha 
and Silverman, 1962; Bird et al., 1965; Rohringer et al., 1969). One 
exception was the elution of H2PteGlu in the fractions (120-140) which 
also contained PteGlu. The reason for this has not been clarified, 
but it was suspected that the H,PteGlu became oxidized to PteGlu before 
or during chromatography, since under similar conditions H,PteGlu was 
eluted before PteGlu (Silverman et al., 1961). A second criterion was 
the ability of the derivative to support the growth of L. caset, S. 
faecalis and P. cerevistae. The latter two bacteria did not respond to 
S-CH3-H,PteGlu derivatives nor any triglutamyl derivatives. They were 
particularly valuable in the identification and measurement of 5-HCO- 
H,PteGlu derivatives and H,PteGlu because in the chromatographic 
procedure employed their peaks overlapped with the 5-CH;-H,PteGlu deriva- 
tive and 10-HCO-H,PteGlu, peaks, respectively. sOther criteriayused in 
the identification of unknown derivatives included chicken pancreas 
peptidase treatment of individual peaks followed by rechromatography and 


co-chromatography with an authentic C’*-labelled derivative. Formyl 
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B54 
derivatives were also confirmed by demonstrating the interconversion of 
10-HCO-H,PteGlu, 2 or 3 and S-HCO-HyPteGluy |, or 3 under acidic and 
alkaline conditions (May et al., 1951). 

In order to compare the quantities of individual derivatives in 
plant extracts after chromatography, all quantities are expressed in 
'PteGlu equivalents for L. caset'. L. casei was the microorganism 
selected because it responded to the widest range of derivatives (Figure 
1) and according to the literature responded equally to mono- and 
diglutamates, whereas P. cerevistae and S. faecalis did not (Noronha and 
Silverman, 1962; Silverman and Wright, 1956). In the present study 
there was evidence which suggested unequal response of the latter two 
organisms to pteroylmono- and diglutamates, but a careful study could 
not be made due to lack of sufficient synthetic diglutamate compounds. 
It was also observed that the 10-HCO-H,PteGlu peaks contained more 
(20-50%, reason for variation unknown) PteGlu equivalents when assayed 
with S. faecalts than when assayed with LZ. caset. Thus it was necessary 
to make adjustments for these differential growth responses when S. 
faecalis or P. cerevisiae were used to assay one of two derivatives in 
overlapping peaks, such as 5-HCO- and 5-CH3-H,PteGlu,. Since the 
microorganisms responded equally to N‘° and N°-formyl derivatives and the 
N!°-formyl derivatives were well separated from other LZ. caset growth 
promoting compounds, the ratio of the growth responses of L. caset and 
P. cerevisiae (or S. faecalis) to the N'°-formyl derivatives was 
conveniently employed to convert the response of P. cerevisiae (or 
S. faecalis) to N5-formyl derivatives into PteGlu equivalents for L. caset. 


The amount of 5-HCO-H.,PteGluz in terms of PteGlu equivalents for L. caset 
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ug 10-HCO-R (L. caset response) 
ee ee MXP OTS CONS (eeeceren et cemyvespense) 
ug 10-HCO-R (P. cerevisiae response) 


where R = H,PteGluz. The amount of 5-CH3-H,PteGlu, in the extract was 
then obtained by difference of the total in the peak as determined with 
L. caset and the calculated quantity of 5-HCO-H,PteGlu, after assay with 


P. cerevistae (or S. faecalis). 


Treatment of Radtsh Cotyledons with Aminopterin 


In some experiments, samples of 25 etiolated cotyledons were excised 
from 6-day-old seedlings and allowed to take up 2 ml of aminopterin 
(pH 6.5) solution with concentrations in the range 2 x 10 ® to 2x 10 ™. 
This was followed by uptake of five 2 ml aliquots of half strength 
White's solution (Weston, 1970) and finally by sufficient 10x diluted 
White's solution to prevent dessication. The cotyledons were then 
illuminated for 27 hours by a mercury vapour lamp (Z000 ft.7c.) at 25 2 
RaGe 

In experiments employing cotyledons from normal (i.e. light/dark 
grown) 6-day-old seedlings, the tissues were washed with distilled H,0 
and vacuum infiltrated with 2 x 10°°M aminopterin (pH 6.5) to ensure 
rapid uptake of the inhibitor. The cotyledons were then placed, adaxial 
side up, in covered 9 cm petri dishes containing 10 ml of the infiltrat- 
ing solution and illuminated by the mercury lamp (2000 ft. c.) for various 
time periods up to 6 hours at room temperature (2 oe tee ah) 

Some modifications were introduced in 24 hour experiments. In 
these experiments, cotyledons infiltrated as already described, were 
supported on a sterile pad consisting of 4 layers of filter paper 


(Whatman, No.1) and 2 layers of cheesecloth in 13 am petri dishes elie 
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Support was moistened with 30 ml of a sterile nutrient medium (adjusted 
to pH 6.5 with KOH) containing 80 mM KNO;, 1% sucrose, 5 mM KH2PO, 
(Nieman and Poulsen, 1967). Aminopterin (10°°5M) was present in the 
nutrient medium supplied to such tissues. The petri dishes with 
cotyledons were then placed in a growth cabinet at 23°C and illwminated 
with fluorescent-plus tungsten lamps at 1500 ft. c. Cotyledons 
infiltrated with distilled water served as control tissues in these 


experiments. 


Radtotsotope Feeding Experiments 


Labelled compounds were obtained from Amersham/Searle Corp., Toronto, 
and were used without dilution of specific radioactivity, except in one 
experiment as noted below. Sterile distilled water was used to dilute 
the solutions from the supplier so that the radioisotope solution could 
be accurately administered. 

Two types of experiments were performed. In one set of experiments, 
the labelling of pteroylglutamate derivatives was examined. For these 
experiments, tissue disks were obtained from cotyledons of 6-day-old 
radish plants. Twenty disks (186 mg) were cut from the cotyledons 
usinowarsnarpecorkyborer., “hese weresthen tcaretully iplacedaintae20 ant 
Warburg flask containing 0.5 ml of 0.1 M KHjPO,(pH 6.0). The flasks 
were illuminated from below (2000 ft. c.) with a mercury lamp for a 
10 minute equilibration period at 23°C to allow the disks to achieve 
steady state metabolism. Then 0.2 ml of NaHC*"O; (10 uc, 57 uc/pmole), 
glycine-2-C!* (10 uc, 57 uc/umole) and sodium formate-C** (10 uc, 59 yc/ 
umole) were added respectively to the main compartments from the side 


arms. The flasks were incubated for a further 10 minute period under the 
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same conditions. In the case of the NaHC!*0, experiment, the disks were 
killed by pipetting boiling 12 mg/ml ascorbate solution (pH6..0) "into the 
flask. In the other two cases, the disks were rapidly tipped into a small 
funnel and rinsed with distilled water to remove the excess radioactive 
feeding solution before being dropped into 12 mg/ml ascorbate (pH 6.0) 

at 95°C. Pteroylglutamate derivatives were extracted by Method I as 
described earlier. 

In other experiments, sodium bicarbonate-C'* was also supplied to 
disks of 6-day-old radish cotyledons which had been infiltrated with 
aminopterin or distilled water. All parameters of these experiments, 
excepting those noted in the Results, were identical to those described 
above. At the completion of the feeding period, the tissue disks were 
killed by pipetting 5 ml of hot 80% ethanol into the main compartment 
and boiling for 5 minutes. The ethanol soluble niaterials were fraction- 
ated into amino acid, organic acid, and sugar fractions by use of ion 
exchange resins. Details of these procedures have been described 


elsewhere (Caballero and Cossins, 1970;.Cossins and Beevers, 1963). 


Chromatography of Labelled Amino Actds 


A Beckman Amino Acid Analyzer (Model 121C) (Beckman Instruments, 
Inc., Palo Alto, California) was used to separate individual acids of 
the amino acid fraction. A standard calibrated amino acid mixture 
containing 0.2 umole of 20 different amino acids was added to an aliquot 
(S - 15 x 10* cpm) of the labelled amino acid fraction. Fractions (1.9 
ml) were collected from the analyzer during elution using an LKB Ultro; 
rac Fraction Collector. Aliquots (0.2 ml) of each fraction were assayed 


for radioactivity. The remaining part of each fraction was then reacted 
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with ninhydrin in order to confirm the elution sequence of the carrier 


amino acids (Spies, 1957). 


Degradation of Labelled Glycine and Serine Samples 


In order to determine the intramolecular distribution of C!* in 
glycine and serine, samples of these compounds from the amino acid 
analyzer were decarboxylated with ninhydrin and then further oxidized 
with Na,S,0, to obtain the residual carbons, as described by Chang and 
Tolbert (1965). The degradation apparatus consisted of a 50 ml round 
bottom flask connected to a short water condenser with a side am to 
allow aeration and introduction of reactants in solution. The carbon 
dioxide produced was trapped in a 15 x 0.5 cm Vigreaux column containing 
10 ml of 2 M NaOH. Radioactivity was determined as described later. 
Approximately 90% of the initial counts in all degradations were found 
in the two traps. Degradation of commercially obtained glycine-1-C!*, 
glycine-2-C'* and aspartic acid-1-C’* showed greater than 95% of the label 
was in the expected position. This indicated minimal randomization, if 


any, occurred during this degradation procedure. 


Determination of Radioactivity 


All radioactivity measurements were made in a Unilux II Liquid 
Scintillation Counter (Nuclear Chicago Corp., Des Plains, I11.). 
Aqueous samples (0.1 or 0.2 ml) were counted in vials containing 15 ml 
Of Scintillation fluor (0.4 ¢ of dimethyl POPOP, 9.0 6 of PPO) 100 ml 
of anisole, 100 ml of dimethoxymethane, and 600 ml of dioxane). The 


counting efficiency, as determined by the channels-ratio method, was 
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found to be 75-80%. 


The C**0, collected in 2 M NaOH was counted by pipetting 1 ml 
samples into vials containing Cab-o-sil (Cabot Corp., Boston, U.S.A.) 
and 15 ml of the scintillation fluor. Radioactivity of solutions to be 
degraded were also measured in the presence of 2 M NaOH and Cab-o-sil. 
Counting efficiencies were in the range of 65-70%. 


All counts were corrected for background. 


Extractton of Free Amtno Actds from Radish Cotyledons for Determtnatton 


of Endogenous Pool Sizes 


Lyophilized radish cotyledons (approximately 0.2 g) obtained as 
described in the Results, were placed in 15 ml boiling 80% ethanol for 
5 minutes and then cooled. The amino acid fractions were obtained in the 
manner already described for the isolation of the radioactive amino acid 
fractions. The dry amino acid residue was redissolved in 5 ml of 0.2 M 
citrace buerer (pH 2.2) and 500 yl aliquots were chromatographed in the 
amino acid analyzer. Amino acid levels were calculated by reference to 
peak areas (H x W values) obtained when a standard mixture of amino acids 


was separated. 
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Al. 
RESULTS 


At the initiation of this investigation, a survey of various plant 
tissues was undertaken to determine pteroylglutamate levels and the 
nature of the individual derivatives present. This information then had 
bearing on the final selection of the main experimental material to be 
used. Pea, spinach, and wheat leaves, as well as radish cotyledons, 
were rapidly excised, weighed and extracted by a method considered 
initially tobe the best available for natural materials (Bird et al., 
1965). This method included homogenization in ascorbate buffer at 0°C 
to prevent oxidation of labile tetrahydropteroylglutamates and to 
minimize possible changes caused by endogenous enzymes. Rapid heating 
ia watersbath at)95 C, cooling, and centritugation completed extract 
preparation. This method was subsequently designated Method II and is 
described-in greater detail in the Materials and Methods section. 

Two anomalies appeared in the results obtained from preliminary 
work using this method of extraction. The first was that only very low 
lévels of polyglutamates were encountered in the tissue extracts. In 
some analyses these compounds were apparently absent. Yet, earlier 
literature had reported that polyglutamates are prevalent in plant 
tissuicae(santind et ad., 19643, Iwai etal.) 1959, loepier ersc/ aol, 
Rosso, 1958). Scrutiny of data obtained by other workers for spinach 
leaves revealed that a considerable variability in polyglutamate content 
had been encountered before (Table 1). A second anomaly occurred when 
different radish cotyledon extracts were chromatographed. Considerable 
variation was found in the pteroylglutamate activity of certain peaks. 


For example, the peak consisting of 10-HCO-H,PteGlu; contained 5.4 ug 
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43. 
and 2.2 ug PteGlu equivalents respectively in two different determinations. 


Generally, when the percentages of monoglutamates were low, the recoveries 
from the column were also low and triglutamate levels were high, indicat- 
ing that possibly other, more conjugated derivatives remained on the 
column in these cases. It was conceivable that uncontrolled hydrolysis 
of polyglutamyl derivatives could have been occurring during extraction, 
Since it was known that plants contained y-glutamyl carboxypeptidases 
which hydrolyzed pteroylpolyglutamates (Iwai, 1957; Bird et aZ., 1946). 
To the author's knowledge, no attempts have previously been made to 
determine whether such enzymes cause hydrolysis of pteroylpolyglutamates 
during extraction of plant tissues. Since the presence of y-glutamyl 
carboxypeptidase activity during extraction could not be excluded, an 
investigation to elucidate this possibility was undertaken. 

A cell-free extract of radish cotyledons was prepared in phosphate 
buffer and tested for ability to hydrolyze the conjugated pteroyl- 
glutamates present jin commercial yeast extract. It is clear, from 
Figure 2, that considerable hydrolysis of polyglutamates occurred in all 
three pH values examined. Although peptidase activity could be 
demonstrated under these conditions, it could not be concluded that 
significant hydrolysis of polyglutamates occurred when method II was 
implemented. This method of extraction was, in fact, purposely selected 
because it appeared to minimize hydrolysis of rat liver pteroylpoly- 
glutamate derivatives (Bird et al., 1965). Clearly, it was necessary to 
verify that no enzymatic hydrolysis of polyglutamates occurred during 
extraction of the present plant tissues. This was examined by the 
addition of commercial yeast extract during the extraction of pteroyl- 


glutamates from radish cotyledons (Table 2). The levels of 
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EIGURESZ 


The hydrolysts of yeast pteroylpolyglutamates by a cell-free extract of 


radtsh cotyledons 


The cell-free extract was prepared by homogenization of 6.1 g of 
6-day-old radish cotyledons in 50 ml of 0.1 M KH,PO, buffer adjusted to 
pH 7.1 with NaOH. Cellular debris was removed by centrifugation of the 
homogenate at 20,000 x g for 10 min. 2.5 ml of the supernatant (6.2 mg 
protein) were then incubated at 37°C with 300 mg yeast extract (potential- 
ly 3700 mug PteGlu equivalents when hydrolyzed) and 120 mg ascorbic acid. 
The solutions were buffered with 1 mmole of sodium acetate (e - e, final 
pH 4.6), 0.25 mmole KH,PO,(A - A, final pH 7.1), and 1 mmole of sodium 
borate (#-@, final pH 7.7) respectively. Control tubes with boiled 
extract are represented in each case by the corresponding open symbols. 


The data are expressed in PteGlu equivalents for L. caset. 
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TABLE 2. Endogenous y-glutanyl carboxypeptidase activity during 


extractton of pteroylglutamates from radish cotyledons 


ug PteGlu equivalents/g d. wt. 


Yeast Before peptidase After peptidase 
Sample Extract Uncorrected Corrected* Uncorrected Corrected** 
i absent L720 1730 Zee AVA 
2 absent 18.4 18.4 Die IARI 
5 present 30.0 The ie! 42.4 20.0 
4 Dresent 5225 Slee 49.1 20.0 


* Corrected for 0.2 ug pteroylglutamates present in added yeast extract. 

** Corrected for 3.7 ug pteroylglutamates present in added yeast 
extract. 

Pteroylglutamates in radish cotyledons were extracted by Method II in 

the presence or absence of 1 ml of 30% yeast extract. The levelsof 

pteroylglutamates were assayed with L. caset before and after chicken 

pancreas y-glutamyl carboxypeptidase treatment. The data are in PteGlu 


equivalents. 
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pteroylglutamates found in the samples were calculated with and without 
correction for the added derivatives present in the yeast extract. For 
the purpose of calculation, it was assumed that no y-glutamyl carboxy- 
peptidase activity was present and the correction for added pteroyl- 
glutamates would be equal to the level found in the yeast extract before 
chicken pancreas y-glutamyl carboxypeptidase treatment. If this assumpt- 
ion were valid, the corrected levels of samples 3 and 4 before peptidase 
activity (column 2) should have approximated those of samples 1 and 2 

as was the case after peptidase treatment (column 4). The results did 
not show this and it must be concluded that some hydrolysis of the 
derivatives occurred during extraction. The hydrolytic activity was not, 
however, sufficient to hydrolyze all the pteroylpolyglutamates present, 
even when additional polyglutamates were omitted (samples 1 and 2). 
Considering these results, it was of importance to modify the extraction 
procedure so that endogenous levels of polyglutamate derivatives could 


be assessed. 


The Effect of Extraction Procedure on the: Pteroylglutamate Levels of 


Vartous Plant Tissues 


An investigation of procedures to obtain extracts of pteroyl- 
glutamates from plant tissues was undertaken in order to find a method 
which limited hydrolysis of endogenous pteroylpolyglutamates. As it is 
well known that a number of reduced pteroylglutamate derivatives are 
labile to oxidation and degradation (Blakley, 1969), reducing conditions 
were a prerequisite considered in modifying Method II. Three innovations 
were incorporated into the methodology, namely, heat denaturation of 


enzymes before homogenization (described in detail in Materials and 
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Methods as Method I), homogenization in the presence of ethanol (Method 
III), and homogenization at pH 8.0 (Method IV) since it was known that 
radish cotyledon y-glutamyl carboxypeptidase activity at this pH was very 
low (see Appendix II). Using these methods, it was found that the levels 
of total pteroylglutamates in extracts of radish cotyledons before 
chicken pancreas y-glutamyl carboxypeptidase treatment were markedly 
affected by the extraction method (Table 3). 

Before proceeding further, it should be noted that it was impossible 
to determine accurately total pteroylglutamate levels in extracts with 
large amounts of polyglutamates, such as occurred before peptidase 
treatment (Table 3). The LZ. caset growth response did not increase 
linearly when aliquot size was increased and surprisingly a growth 
response greater than expected was found (Figure 3). For example, 
calculations based on such assays gave pteroylglutamate levels which 
varied from 1.1 yg to more than 7 pg per g d. wt. of tissue. Averaging 
Lnisei- told difference Could clearly notsbe justitied, and ‘theretoresa 
range of values is reported in Table 3 where this was encountered. 

After chicken pancreas peptidase treatment this variability was not 
observed (Figure 3, upper line) and therefore it was suspected that poly- 
glutamates were responsible for the variable growth response. However, 
it is also possible that other factors which were also affected by 
peptidase treatment might be associated with this effect. In order to 
obtain a better estimate of levels of less conjugated pteroylglutamates 
in extracts before peptidase treatment, these derivatives were separated 
from the polyglutamates by DEAE-cellulose column chromatography. 

Figure 3 also demonstrates that the quantities of total pteroyl- 


glutamates in duplicate samples prepared by Method I and treated with 
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FIGURE 3 


The effect of sample size on the calculated level of pteroylglutanates 


tn radtsh cotyledons 


Pteroylglutamates were extracted by Method I from duplicate samples 
Gi O-day-old en cotyledons. An appropriate dilution was made of 
extracts before (closed symbols) and after (open symbols) chicken 
pancreas y-glutamyl peptidase treatment. Duplicate samples, symbolized 
by the triangle and circle, were assayed with LZ. caset. Data are 


expressed in terms of PteGlu equivalents. 
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chicken pancreas y-glutamyl carboxypeptidase agree very well. 

Of the different methods used for extraction, Methods I and IIIB 
reduced endogenous peptidase activity most effectively, since the lowest 
levels of L. caset active pteroylglutamates were found (Table 3). 

Method IV was nearly as effective, while Method IIIA was the least 
effective in this regard. However, only in the cases of Method I and 
IIIA were total pteroylglutamate contents similar to those found with 
Method II. Thus, it appears that Method I was superior to the others. 
Lyophilization of tissue had no significant effect on the total levels 
of pteroylglutamates before or after chicken pancreas y-glutamyl carboxy- 
peptidase treatment (Table 3), and thus this treatment could be safely 
used before extraction of pteroylglutamates, a step routinely employed 
in later analyses. 

Chromatography of radish cotyledon extracts, prepared by Methods I, 
II, and IIIA, confirmed that hydrolysis of conjugated derivatives occurred 
if no precautions were taken to inactivate endogenous enzymes (Figure 4). 
Extracts from Method I had very low levels of mono- and diglutamates as 
compared to the levels present when Method II and IIIA were applied. It 
is also evident (Figure 4) that inclusion of low ethanol concentrations 
(Method IIIA) partially inhibited hydrolysis of conjugated derivatives to 
monoglutamates. 

In order to confirm that Method I was a valid extraction technique 
for other plant tissues, leaves of wheat, spinach, and pea plants were 
extracted by this method and the results compared with those for Method 
II (Table 4). It was found that in these extractions hydrolysis due to 
endogenous enzymes occurred to a greater extent than in those of 


radish cotyledons since the levels of mono- and diglutamates in extracts 
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FIGURE 4 


The effect of extraction method on the chromatographte pattern of radish 


cotyledon pteroylglutamates 


Extracts of 6-day-old radish cotyledons were prepared by Methods I, 
II, and IIIA, chromatographed on DEAE-cellulose and assayed with L. caset. 
Data are in terms of mug PteGlu equivalents/g d. wt. The peaks are 


designated as: 


Peak ta OU -HCOaerceG lu. Peakeunm! UcitCO Hp Ecco lta. 
Peake mone Oen Ee tcGiiu: Peakid, 5-CH, -H, PteGlu; 
Peak e, 10-HCO-H,PteGlu, ; PeakeeetseceaLu: 


Peak g, 5-HCO-H,PteGlu, ; Peak h, 5-CH;-H,PteGlu,. 


mug Pte Glu EQUIVALENTS / g d.wt. 
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TABLE 4. The effect of extractton method and peptidase treatment on the 


Levels of pteroylglutanates in wheat, spinach, and pea leaves 


ug PteGlu equivalents/g d.wt. 


Method of Mono- and Before After 
Leaf tissue Extraction diglutamates* peptidase** peptidase** 
Wheat it WES INES to ar 13.9 
il aS 1325 SNe ey 
Ler leas Nas Loe 
Spinach I 5.4 Der hed 23.31 
it 21.6 24.3 Zhe 
lat Tae AT oe fl ee0 23a, 
Pea il 156 fap The 14.4 
WA 137 Ld. 2 14.5 
i ied. 1ORZ 16.9 
N.a. - not assayed. 


Data are expressed as PteGlu equivalents/g d.wt. for L. caset. 

* Mono- and diglutamate values were obtained after DEAE-cellulose 
chromatography. 

** Data are the ranges or averages of duplicate extractions. 

+ The tissue sampled in these extractions was grown at a different time 


than that used in other extractions. 
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BO. 
prepared by Method II approached the 'before peptidase’ and ‘after 
peptidase' values. After peptidase treatment of extracts prepared by 
Method I and II, the levels of pteroylglutamates were similar. Total 
pteroylglutamate contents of plant tissues grown and analyzed in 
separate experiments were found to be within 15% of each other (Tables 3 


and 4). 


The Nature of Pteroylglutamate Derivatives in Different Plant Tissues 


The four iene plant tissues examined in the previous 
section were found to contain readily detectable levels of pteroyl- 
glutamate derivatives. To obtain more knowledge regarding the occurrence 
and levels of individual derivatives, extracts of these species prepared 
by Method I were fractionated by DEAE-cellulose chromatography. Fractions 
eollectedsirom the columns were subjected) to ditterentials mcroji0losical 
assay using L. casei and P. cerevtstae. 

Recoveries of pteroylglutamates from the columns ranged from 80-95% 
in these analyses and individual derivatives were identified on the basis 
of (a) their position of elution from a standardized column and (b) their 
ability to promote bacterial growth in the microbiological assay (see 
Fisure: I) eel addition,ecertain other critema, based on thesproperties 
of individual peaks, such as co-chromatography with authentic compounds 
and the interconversion of 10-HCO- and 5-HCO-H,PteGlu derivatives, were 
considered. Substantial increases in the size of peaks after chicken 
pancreas y-glutamyl carboxypeptidase treatment of the extract was taken 
as indicative of their being diglutamyl derivatives. A wide variety of 
derivatives were detectable in extracts before peptidase treatment (Table 


5). After such treatment, considerably increased amounts of 10-HCO-, 
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58, 
S-HCO-, and 5-CH3-H,PteGluz were found. Since preliminary investigations 
with pea leaves revealed differences of less than 10% in the quantity of 
major individual derivatives (those greater than 10% of the total from 
the column), it was considered acceptable to perform only one chromato- 
graphic run to obtain a representative pteroylglutamate pattern of these 
tissues. The quantities of the major individual derivatives in extracts 
prepared from tissues grown at different times commonly displayed larger 
variations (up to 30%). These variations are, perhaps, not excessive 
when one considers the inherent variability of biological materials. 
The derivatives which were minor constituents in the tissue extracts 
showed considerably more variation, occasionally being different by a 
factor of 2. “However, as-these derivatives were present in such small 
amounts, it is likely that a large part of this variability was associated 
with the sensitivity of the assay. Since these analyses were rather 
laborious, and it was clear that different plant tissues contained vary- 
ing amounts of individual derivatives, more extensive analyses were not 
performed. In conclusion, the data in Table 5 are considered typical of 
the pteroylglutamates in extracts of plant tissues which were grown and 
treated as described. 

In considering the results of these analyses it must be emphasized 
that 5,10-CH=H,PteGlu, 5,10-CH,=H,PteGlu and 5-HCNH-H,PteGlu may also be 
present in vivo but would be detected as 10-HCO-H,PteGlu, H,PteGlu and 
5-HCO-H,PteGlu respectively, due to ane instability in neutral aqueous 
solutions (Blakley, 1969). Also as a result of preliminary experiments 
it was known that a certain amount of 10-HCO-H,PteGlu derivatives were 
converted to S-HCO-H,PteGlu derivatives concomitant with chicken pancreas 


peptidase treatment. Thus values reported for the latter derivatives are 
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are probably greater than occurred in vivo. Although the occurrence of 
H,PteGlu (or H,PteGlu, after chicken pancreas y-glutamyl carboxypeptidase 
treatment) might be expected in the extracts (see Introduction), no 
evidence to support this was found. The possibility exists that such 
compounds occur in amounts below the level of detection after chromato- 
graphy. In this connection it is also of interest to add that these 
observations imply that the endogenous pool of PteGlu must also be very | 
small. 

The increase in the level of diglutamates after peptidase treatment 
indicated the presence of polyglutamates (Table 5). In order to examine 
this point further, the polyglutamates in extracts of radish cotyledons 
were chromatographed on DEAE-cellulose. Pteroylglutamates were eluted 
with the usual gradient for 150 fractions and then by 0.5 M and 1.0 M 
KH,PO, buffers containing potassium ascorbate, pH 6.0. Even numbered 
fractions were treated with pea cotyledon y-glutamyl carboxypeptidase. 
This resulted in finding at least 4 additional peaks which supported the 
growth of Z. caset and a significant increase in the size of a fifth 


peak (Figure 5). 


The Effect of Light on the Levels of Pteroylglutamates in Plant Tissues 


As outlined in the Introduction, the metabolism of pteroylglutamate 
derivatives in vivo has received only limited study in plants. Also, 
several possible relationships between these compounds and photosynthetic 
metabolism were suggested. Since it has been established in the present 
work that a number of pteroylglutamate derivatives occur in photosynthe- 
tic tissues, further investigations to elucidate their possible roles 


were undertaken. 
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FIGURE 5 


The effect of peptidase treatment on indivtdual fractions tsolated by 


DEAE-cellulose chromatography of radish cotyledon extracts 


Extracts from 6-day-old radish cotyledons were chromatographed by 
gradient elution to fraction 150 as outlined in Materials and Methods. 
This was followed by sequential elution using 25 ml of 0.5 M KH, PO, 
and 1.0 M KH,PO, buffers containing 6 mg/ml K-ascorbate acid, pH 6.0. 
nese wl alteleputicrosappcareds tetncecti Went at fractions 168 and 176 
respectively, the void volume of column being 54 ml. Even numbered 
fractions (e - e) were treated with pea cotyledon peptidase and then 
assayed using LZ. caset. Odd numbered fractions (0 - 0) were assayed 
without enzyme treatment. Data are expressed as PteGlu equivalents/g 
d.nwe. | 


The peaks are designated as: 


Peak a, 10-HCO-H,PteGlu; Peak b, 10-HCO-H,PteGlu, ; 
Peake<,) 5 -hCO-H, PtcGlu; Peak d, 5-CH,-H,PteGlu; 
Peak g, 5-HCO-H,PteGlu,; Peake oe CHa Hye teaiue: 
Peakekjy sch. hPceG lun. Peaks n - t, unidentified 


pteroylglutamate derivatives. 


mug Pte Glu EQUIVALENTS /g d. wt. 
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OZ. 

The importance of certain pteroylglutamate derivatives in the 
metabolism of photosynthetic tissues might conceivably be revealed by a 
comparison of the levels of these derivatives in green and etiolated 
tissues. Changes in levels of total pteroylglutamates in germinating 
radish cotyledons grown in similar regimes except for illumination are 
illustrated in Figure 6. A very rapid increase in pteroylglutamate levels 
was observed during germination in both normal and etiolated tissue. 
Maximal levels were reached between 6 and 7 days under the conditions 
employed, at which time the normal cotyledons had nearly twice the 
pteroylglutamate content of etiolated tissue. The levels present in the 
latter, however, decreased only slightly until sampling had to be 
discontinued at 11 days because the tissue was subject to fungal attack 
and had a generally unhealthy appearance. The level of pteroylglutamates 
in normal tissue decreased as the cotyledons became progressively more 
senescent. Senescence in this case was obvious by a visible loss of 
chlorophyll from the cotyledons and an increase in the fresh weight/dry 
weight ratios calculated in conjunction with these studies. 

This work (Figure 6) was carried out before need for an improved 
extraction technique was realized and thus the tissue samples were 
extracted by Method II. Endogenous peptidase activity was present during 
extraction of the etiolated tissue and, therefore, it is not a lack of it 
that accounted for the reduced pteroylglutamate levels found in extracts 
of etiolated tissue. The period of maximal pteroylglutamate content 
corresponded to the time when the primary leaves were starting to appear. 
It is also of interest to add that 7-day-old. cotyledons are known to 
exhibit an active intermediary metabolism in which pteroylglutamate 


coenzymes have been implicated (Caballero and Cossins, 1970). For these 
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FIGURE 6 


Changes tn pteroylglutanate content of radish cotyledons during 


germination and senescence 


Radish seedlings were grown as described in the Materials and 
Methods, to obtain normal (e - e) and etiolated (0 - 0) cotyledons. 
At 11 a.m. daily, the cotyledons were excised and rapidly extracted by 
Method II. Data for two independent experiments are given. Each point 


is the average of duplicate extractions. The data are expressed in 


PteGlu equivalents for L. caset. 
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Gor 
reasons, Cotyledons of this age were routinely used in later experiments. 
In further experiments, data were also obtained from etiolated 
wheat leaves. In this plant, as in radish, etiolation was associated 

with a lower pteroylglutamate content, being only 8.2 ug/g.d.wt. as 
compared to approximately 14.2 ug/g d. wt. in the normal green tissue. 
In general, the quantities of individual derivatives, as well as the 
totals eluted from the columns, were lower in the etiolated tissues 
(Table 6). The proportions of methyl derivatives were also higher in 
the etiolated tissues. 

As the preceeding studies showed tie green tissue had a higher 
concentration of pteroylglutamates than etiolated tissue, the question 
arises whether it would be possible to increase levels of pteroyl- 
glutamates by illuminating etiolated seedlings. The results of such 
experiments are summarized in Table 7. Illumination of etiolated radish 
seedlings for 24 hours increased the pteroylglutamate content by about 
20% weene siagpenel ar of pteroylglutamates which promoted the growth of 
S. faecalts also increased by illumination. Since S. faecalts does not 
respond to methyl derivatives, it can be concluded that levels of formyl 
and unsubstituted derivatives increased more than methyl derivatives. 
Thiselattererindine aS. consistent.with) thesresults on labile 10. 

Since aminopterin inhibits the formation of reduced pteroylglutamates 
in germinating pea cotyledons (Roos and Cossins, 1971), it is possible 
that a similar effect may occur in radish cotyledons during the early 
stages of seedling growth. In order to investigate this, samples of 25 
cotyledons were allowed to take up small quantities (4 x 10°*'to 4 x 107’ 
mole) of aminopterin through the cut hypocotyls at the beginning of an 


illumination period. The. results of one such experiment (Table 8) 
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TABLE 6. Levels of pteroylglutamate derivatives in extracts from 


ettolated and normal radish cotyledons and wheat Leaves 


Radish Wheat 

Derivative Etiolated Green Etiolated Green 
10-HCO-H,PteGlu SWialks 5535 879 258 
10-HCO-H, PteGlu, 3110 10093 1890 6780 
5-HCO-H,PteGlu 88 neds. 944 Teds 
DeG-U,Ptealu 236 698 1457 Zi5 
10-HCO-H,PteGlu, ned. ned, idk xs 861 
H,PteGlu Tey MW. ila Nee 
B-0U-HP teal. 2125 3255 938 3807 
B-GH, i, PteGlu, 8535 15217 1119 1397 

Total recovered 14465 30078 7438 15598 
6 of total recovered 

Methyl derivatives 61% 53% 35% 13% 

Other derivatives 39% 47% 65% 87% 


n.d. - not detected 


* Data are in terms of mug PteGlu equivalents/g d. wt. for L. caset. 


Extracts were prepared by Method I from 6-day-old radish and 8-day-old 
wheat seedlings. After chicken pancreas peptidase treatment, the extracts 


were chromatographed and assayed with L. caset and P. cerevistae. 
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TABLE 7. The effect of illumination on the pteroylglutanate content of 


ettolated radish cotyledons 


Pticolaved Illuminated 


Experiment 2. *casez* S. faecalve™ Ratio** Lk. caser*™s. faecatis* Ratio** 


1 TA 7 G75 0.44 LS O./ 0.50 


Z ES. 9 6.0 0.43 16.6 See USES 


* Data are expressed as ug PteGlu equivalents/g d.wt. 


Remo clare lw cases Latio. 


Samples of radish cotyledons were from 6-day-old etiolated seedlings or 
etiolated seedlings which were illuminated for an additional 24 hours 
Wichea mercury lanp (2000 ft. c.) at 23082) 2°55 After Lyophilizationsof 
tissue samples, derivatives were extracted by Method I, treated with 
chicken pancreas y-glutamyl carboxypeptidase and assayed with L. caset 


and S. faecalts. 
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TABLE 8. Levels of individual pteroylglutamate derivatives after 
tllumination of etiolated radish cotyledons in the presence 


of aninopterin 


a al a eel OE a 
mug PteGlu equivalents/g d.wt. 


Derivatives Control Light Light + AME 
See eee toe AF western earileh fers cont WES Toca LY Vee eees 
Ue CO EP EeG lu 1780 3340 662 
10-HCO-H, PteGlu, 1650 2956 1325 
Sesh. teal : 1004 
4340 
5-CH3-H,PteGlu Z9aT 
10-HCO-H,PteGlu, 640 
320 
H,PteGlu 220 186 
SenCO-HePteGlu, 590 
\ 360 
H,PteGlu, gig 54 
Polyglutamates* 1830 1146 
PteGlu n.d. Nad 6793 
Total 10280 18272 8964 


nedep-notrdetected:. ' 
* eA peak in fractions 110-120 active for £2 case only, the derivatives 
in this peak were not identified, but probably includes 5-CH,-H,PteGlu3. 


Samples of 25 etiolated radish cotyledons (6-day-old) were illuminated 
With a mercury lamp (2000 ft. c.) for 27 hr in the presence or absence 
of 0.4 umole aminopterin(AME) as described in the Materials and Methods. 
The control data are from etiolated cotyledons killed at the initiation 
of the treatments. The cotyledons were lyophilized and the laminar 
portion extracted by Method II. The chromatographed extracts were 
assayed with L. casei and P. cerevistae. Data are expressed as PteGlu 
equivalents for ZL. caset. The brackets indicate the sum of pteroyl- 
glutamate peaks not differentially assayed (control) or very low levels 
of microbiological response not associated with distinct peaks (light + 


AME). 
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69. 
clearly show that aminopterin affected the levels of tetrahydropteroyl- 
glutamate derivatives, especially 5-CH;-H,PteGlu, as well as the ability 
of these tissues to increase their total pteroylglutamate content. 

PteGlu accumulated in the aminopterin-treated tissue. 

In these investigations, the effect of aminopterin on the chloro- 
phyll formation of etiolated radish cotyledons was readily visible. 
Quantitative measurement of chlorophyll content showed that a logarithmic 
relationship (Figure 7) existed between chlorophyll production and 
quantity of aminopterin in the feeding solution. 

The effect of light on the pteroylglutamate pattern in photosynthe- 
tic tissue was also examined in another manner. Radish seedlings were 
grown as usual for 5 days with 13 hours of illumination daily. On the 6th 
day, cotyledons were excised and immediately frozen at periods 1 hour 
before ands> ours atter the lights vere tumed on. Assay ‘Of peptidase— 
treated extracts showed that a considerable decrease in total pteroyl- 
glutamate content occurred after this period of illumination whether the 
levels were expressed on a dry weight or chlorophyll basis (Table 9). 

The effects of illumination were examined in more detail after chromato- 
graphy (Table 10}. In order to facilitate the examination of the 

results obtained, the data are tabulated according to the substituent 
groups of the derivatives. The illuminated tissues were found to contain 
significantly lower levels of formyl derivatives and considerably greater 
amounts of unsubstituted derivatives in two separate experiments. The 
level of methyl derivatives in illuminated tissues were also slightly 
lower. 

Radish cotyledons are known to metabolize glycine and serine rapidly 


in light and in darkness (Cossins and Caballero, 1970), and as this 
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FIGURE 7 


Effect of aninopterin on chlorophyll btosynthests of ettolated radish 


cotyledons 


Twenty-five 6-day-old etiolated radish cotyledons were excised 
under water and the cut ends placed in 2 ml of aminopterin solution of 
varying concentrations. This was followed by 5 ml of half strength 
White's solution and finally sufficient 10x diluted White's solution 
Until ther endom therexperimentalsper10dsot.2/, hours , when the cotyledons 
were lyophilized. 

Chlorophyll was determined by the method of Arnon (1949); extracts 
of etiolated cotyledons were calculated to have 0.55 mg "chlorophy11''/g 
d. wt.; normal tissues had 9.5 - 11 mg/g d. wt. 

The data shown is the average of 2 determinations. The vertical bars 


indicate the variation encountered in these duplicates. 
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conceivably involves one-carbon metabolism, it was of interest to 
examine the levels of these amino acids in further experiments (Table 11). 
In general the quantities of the major amino acids were greater on a 
dry weight basis in the light-harvested cotyledons. Total amino acid 
content increased approximately 50%. Of the individual amino acids, 


glycine, serine, and alanine, showed the greatest percentage increase. 


The Origin of the One-carbon Group of HyPteGlu Derivatives tn vivo 


Further study of possible relationships between photosynthesis and 
H,PteGlu mediated one-carbon metabolism was continued by a brief 
examination of the origins of the one-carbon moieties of methyl and 
formyl tetrahydropteroylglutamates in radish cotyledons. In the 
Introduction, it was noted that the one-carbon groups of H,PteGlu 
derivatives can arise.from the carbon-2 of glycine, the carbon-3 of 
serine and formate. These compounds are also known to be actively 
metabolized by illuminated radish cotyledon disks (Cossins and Caballero, 
1970; Caballero and Cossins, 1970; Cossins and Sinha, 1965). Accordingly, 
such disks were allowed to take up solutions of sodium bicarbonate-C!*, 
glycine-2-C!* and sodium formate-C'*, respectively, which had high specific 
radioactivities. The feeding period selected was 10 minutes, mainly to 
limit incorporation of C'* to the one-carbon position of the H,PteGlu 
derivatives rather than general incorporation into the pteroylglutamate 
moiety. Pteroylglutamates were extracted by Method I, treated with 
peptidase and chromatographed (Figures 8-10). No radioactive peaks 
corresponding to wales with pteroylglutamate activity could be detected 
Peter either the sodiuin bicarbonate-C!* (Figure 8) or glycine-2-C'* 


feeding (Figure 9). In contrast, radioactivity from formate-C** was 
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FIGURE 8 


Chromatography of pteroylglutamate dertvatives in tlluminated radish 


cotyledon disks after tneubatton in HC1*03 


Samples of 20 disks (186 mg) from 6-day-old radish cotyledons were 
placed in a Warburg flask containing 0.5 ml of KH2PO, buffer (pH GLO) 
After equilibration in the light for 10 min at 23°C, 10 uc of NaHC**0; 
(57 wc/umole) in 0.2 ml H,0 were tipped from the side arm. The incubation 
was terminated after 10 min by addition of boiling 12 mg/ml ascorbate 
(pH 6.0). Derivatives were extracted by Method I, treated with chicken 
pancreas y-glutamyl carboxypeptidase and then chromatographed. Aliquots 
(0.2 ml) of the 3 ml fractions were assayed for C’* (e@ - e) and for 
pteroylglutamates with LZ. caset (0 - 0). 

The peaks are designated as follows: 

Peak b, 10-HCO-H,PteGlu,; Peak d, 5-CH3-H,PteGlu; 

Peak g, 5-HCO-H,PteGlus; Peak, 5-Ch3 -HapteGius. 

Total incorporation of C** in the experimental period was 16.3 x 10° cpm. 
The complete extract was chromatographed and the data presented are for 
0.2 ml aliquots of the fractions. Most of the radioactivity was eluted 


before fraction 40 and none was detected after fraction 100. 
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FIGURES9 


Chromatography of pteroylglutamate derivatives in illuminated radish 


cotyledon disks after incubation in glycine-2-c** 


Samples of 20 disks (186 mg) from 6-day-old radish cotyledons were 
placed in a Warburg flask containing 0.5 ml of KH,PO, buffer (pHz620) 
After equilibration in the light for 10 min at 23°C, 10 uc of glycine-2- 
C**(59 wc/ymole) in 0.2 ml H,O were pipetted into the flask. The 
incubation was terminated after 10 min by tipping the disks into a 
funnel and rapidly washing them with distilled H,0 to remove excess 
glycine-2-C'*, followed by heating at 95°C in 12 mg/ml ascorbate 
(pH 6.0). Derivatives were extracted by Method I, treated with chicken 
pancreas y-glutamyl carboxypeptidase and chromatographed. Aliquots 
(0.2 ml) of the 3 ml fractions were assayed for C!* (e - e) and pteroyl- 
glutamates with LZ. caset (0 - oO). 

Peaks are designated as follows: 

Peakup, 10-HCO-H, PteGlu, ; Beal@o a ecuecd Pb tealu, 

Beakegs) 5 cHCO-H, PteGlus: Peaks Gie HH, PteGli es 
Total incorporation of C** in the experimental period was 2.30 x 10° cpm. 
The complete extract was chromatographed and the data presented are for 
0.2 ml aliquots of the fractions. Most of the radioactivity was eluted 


before fraction 40 and none was detected after fraction 100. 


tos 


SINJIVAINOA 9D ed Bru 


SO? Omen) OOM 


70 
FRACTION NUMBER 


50 60 


40 


ett 
; 00-1: 
> 

ah. OF 
o 

a3 0&0 
e 

oka 

= 2k 
rs 

3 


- 
_ 
> 
—— i] : 
WT Hale 
_ | al Somatel oo a, — — onallllienesttinnaianll A 
: \ ' ' ’ H 5 7 
Ws ‘| "Shia t J Be i ll ‘ fin, Deh tied * ae all * 7~ 
Ss PO | ~atorerg, lo nodreresitend ett 
J } = . 
; 4 
’ 
e *.\ sa’ ' lon =i Hl . : so 
D> NCH ‘ ) : iyi Wet otedomet f 2 i 
» 
j | 
nde 7 « “ ‘ £ ‘ =~ e 7 —) 4 
Pee 3O) Bihar Slo-vaw 0 wre (yi OBL) elerh 08 ho. esienc 
i i p v 
eo 23 a ee, COLIN ‘ ¥ 1 c.)9 DIALED edeg lt? papa Tray Mi HIOHLG 


| 
Fy i : yy 
aie 30.5 UF mii CL yet iidgtt One ai noitendi tities Peril 
7 : - 
j . 


5 g 
‘ ir ' re 
> = 4 Daud 1 r an oe F ae : = : Fo 7% e * 
’ heise) COL IEG | lid HESit Shy Ooms wd POA i Siow Ua if Se al (Ginn, 
sh Km I 
4 ‘ i t , Fi = =e 
os iinzew , 6 wt iia oti de if; oat aniyat? vid ert it * wri rs ie <— 


a eo bswhl lett J-svauiol ehoste) @vomer af Oli bal! teh itiw thee: 
> 
° 


-~ STaw fii f.0 Kal Wi Rigts #72 fn (jm | at STE? q ert Msc 


al: : 7 mal 
oiras 1h \ itm wets wiv bossets ,7 borivey foie in 333 

i} \ : ry a 5 é ~ 
In rpee to (TP .) exo pipe -bathprryosaurtds asd? baa .ve ralibenacy 

y | | -; 

4 lw VIIV 2A Sones ety ot; ben (el ¢) nN J 101 bOyeess | ai hed foljoert 
-_ 4 Q 
> 7 oles L ange” ad 
7: ; ; 7 : “" Th i5 ; Can i 
. wolichwng Desprptash ws rau fede OT pap : 

| e? . v Se "i 
[uinost tepf)-<¢ . js fiaot m | eanlde: sii, iT o nm a ico he _ 


- | : : . 7 € 
; : sil Sot Tall ei ¢ ,hadewl Ye ecard #- ceva | ss qj - 7 
: . 


: : = a> —— 


——— — 


inthinat 


; 7 
CULE 
= 


7 pote patel, aa 


_< eh | 
a 


80. 


FIGURE 10 


The incorporation of formate-C'* into tetrahydropteroylglutamates by 


tlluminated radtsh cotyledon disks 


Samples of 20 disks (186 mg) from 6-day-old radish cotyledons were 
placed in Warburg flasks containing 0.5 ml KH2PO, buffer (pH 6.0). 
After equilibration in the light for 10 min, 10 uc of formate-C'* (59 uc/ 
umole) in 0.2 ml H20 were pipetted into the flask. The incubation was 
terminated after 10 min by tipping the disks into a funnel, washing them 
rapidly with distilled H20 to remove excess formate-C'*, followed by 
heating at 95°C in 12 mg/ml ascorbate (pH 6.0). Derivatives were 
extracted by Method I, treated with chicken pancreas y-glutamyl carboxy- 
peptidase, and then chromatographed. Aliquots (0.2 ml) of each 3 ml 
fraction were assayed for C’* (@ - e) and pteroylglutamate activity with 
i. Caset {0 —6O). 

The peaks were designated as follows: 

Peak b, 10-HCO-H,PteGlu2; Peak d, 5-CH3-H,PteGlu; 

Peak g, 5-HCO-HsPteGlu2; Peaki/ieo-Clis-LyRteGlia. 
Total incorporation of C'* in the experimental period was 3.28 x 10° cpm. 
The complete extract was chromatographed and the data presented are for 
0.2 ml aliquots of the fractions. Most of the radioactivity was eluted 


before fraction 40 and none was detected after fraction 100. 
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82. 
associated with the 5-HCO- and 5-CH,-H,PteGlu, peak (Figure 10). 
Although this peak contained only 0.065% of the total radioactivity 
taken up by the disks, calculations revealed that the pteroylglutamates 
in this peak had 12% of the specific radioactivity of the formate-C!* 
supplied. 

Since the HC'*0, feeding experiments did not show any trace of C'* 
in the pteroylglutamates, further investigations using this approach to 
study the possible relationship between photosynthetic carbon flow and 
H,PteGlu derivatives were not carried out. Formate-C!* appeared to enter 
the pteroylglutamate pool by a direct route without oxidation to C!*0z, 

a pathway presumably distinct from that followed by carbon dioxide during 


photosynthesis in this species. 


The Effects of Amtnopterin on Pteroylglutanate Contents and Abtltty to 


Fix HC’*05 in the Light 


The metabolic importance of a coenzyme in intermediary metabolism 
can often become apparent from a comparison of the metabolism of normal 
tissue with that of tissue deficient in the coenzyme. In studies 
employing animals, tissue cultures, and microorganisms, (for example, 
see Blakley, 1969) aminopterin and methotrexate, two well known PteGlu 
analogues, have been used to induce H,PteGlu deficiency. These 
analogues are known to inhibit dihydrofolate reductase activity in 
vitro, and are generally thought to act similarly in vivo (Blakley, 
1969). This means that in aminopterin- or methotrexate-treated tissues, 
H,PteGlu will not be fully reduced to H,PteGlu. As a consequence, 


metabolic reactions dependent on H,PteGlu will be severely inhibited 


in vtvo. 
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In the present investigation, aminopterin did not interfere in 
the microbiological assay of pteroylglutamates after DEAE-cellulose 
chromatography and was, therefore, used in the following experiments. 
The effect of aminopterin on the photosynthesis of higher plants has 
not, to the writer's knowledge, been examined in detail. To investigate 
possible relationships between photosynthesis and one-carbon metabolism, 
an initial short-term aminopterin experiment was carried out. 

Excised radish cotyledons were infiltrated with 2 x 10°°M aminopterin; 
and incubated for periods up to 6 hours. The treated cotyledons were 
then analyzed for pteroylglutamate levels. In other cases, disks (5 mm 
diameter) were cut from the treated cotyledons and used to assess their 
ability to fix HC’*0, in the light. 

Aminopterin clearly affected the levels of pteroylglutamate 
derivatives (Table 12). Within 3 3/4 hours from the start of the 
treatment, differences between the control and treated samples were 
evident. The levels of methyl derivatives were substantially lower 
while a derivative, not found in extracts of the control tissues, was 
collected in fractions 125-140. The latter derivative was eventually 
identified as PteGlu (see below). Since the mono- and diglutamate 
derivatives with the same substituent groups were similarly affected by 
aminopterin, for clarity they were included together in Table 12. 

After 6 hours of aminopterin treatment, a further decrease in the level 
of methyl derivatives was observed. The unsubstituted derivatives were 
affected similarly but to a lesser degree. The level of PteGlu in these 
treated tissues was very high, accounting for 62% of the total pteroyl- 
glutamate activity recovered from the column. In contrast to experiment 


1, the total amount of pteroylglutamate in this experiment was higher 
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Ga 
than the control, largely due to the presence of PteGlu, which was not 
observed in the control. 

The identity of PteGlu produced in these experiments was established 
as follows. Firstly, fractions 129-139 were pooled and co-chromatographed 
with PteGlu-2-C**. The result, illustrated in Figure 11, was the elution 
of smooth, overlapping peaks of microbiological- and radio-activity 
which coincided closely. Secondly, similar levels of this compound were 
found in extracts before treatment with chicken pancreas y-glutamyl 
carboxypeptidase indicating that this peak was not a naturally occurring 
conjugated derivative. Lastly, assay of the peak with S. faecalts gave 
a growth response essentially equal to that of LZ. caset, while P. 
cerevtstae did not respond at all. Collectively, these results suggest 
that this derivative was PteGlu. 

besides, the study, Of theverirect 5: aminopterin on pteroylglutamate 
levels, its possible effect on the photosynthetic fixation of HC!*03 
was examined. Treatment of radish cotyledons with 2 x 10°°M aminopterin 
for 3 1/4 hours did not appear to have any adverse effects on ability to 
incorporate the label into the ethanol soluble compounds (Table 13). 
Because of their possible involvement in one-carbon metabolism, the 
levels of C'!* associated with individual amino acids were examined in 
detail (Table 14). Aminopterin had no affect on the percentage of C** 
incorporated into individual amino acids. All of the radioactivity could 
be accounted for in the five amino acids shown, with 90% of it being 
concentrated in glycine and serine. Radioactivity was not detected in 
methionine in any of these experiments. 

Since 6 hours of aminopterin treatment did not fully deplete the 


H,PteGlu derivatives of excised radish cotyledons (Table 12), another 
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FIGURE 11 
Co-chromatography of fractions 129-139 with PteGlu-2-c!* 


Fractions 129-139 (65 mug PteGlu activity) were pooled and 
co-chromatographed with 50 mug-of PteGlu-2-C** (31.4 uc/umole). Total 
c'* (A - A) and PteGlu equivalents as assayed with L. casei (e - e) 


in each fraction are shown. 
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TABLE 14. Dtstrtbutton of radioactivity in individual amino acids 


following HC’*03 fixation by radish cotyledons treated 


with aninoptertn for 3 1/4 hours 


Sample No. il 2 a 

Amino acid + AME + AME Control 
Aspartic acid 14,600 18 ,500 155200 
(Zeal) (es) (320) 
Serine 248 ,900 191,900 1975700 
(5655) (36.4) (3857) 
Glutamic acid 6,000 8,100 4,900 
(O09) (les) (0.9) 
Glycine 390,600 284 ,400 Zia ee00 
(oi) (55.9) (S553) 
Alanine 21,700 24 ,900 aul) 
(52) (4.7) (4.1) 

Total recovered after 
chromatography 681,800 527 , 800 495,100 


Data are expressed in cpm incorporated by 10 tissue disks in the 
experiment. Bracketed numbers indicate the percentage of total C’* 


recovered after chromatography in each compound. 


OSG. 


Sample number 4 was 


Aliquots containing 5-10x10* cpm of the amino acid fraction obtained 
from disks of radish cotyledons which had been pre-treated with 
aminopterin (+AME) for 3 1/4 hours (Table 13) were chromatographed 


with carrier amino acids. 
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experiment with prolonged aminopterin treatment was undertaken in the 
hope that the formyl and unsubstituted tetrahydropteroylglutamates would 
be affected in addition to the methyl derivatives. The conditions of 
incubation were modified to include sucrose, KNO;, and KH,PO,, which are 
known to promote DNA synthesis in excised radish cotyledons (Nieman and 
Poulsen, 1967). This would presumably increase losses of H,PteGlu 
through the thymidylate synthetase reaction. Analysis of the various 
derivatives by column chromatography extended the earlier observations 
that levels of 5-CH3-H,PteGlu derivatives were most affected by amino- 
pterin treatment (Table 15), while a large amount of PteGlu accumulated. 
Aminopterin-treated tissue extracts contained approximately 58% of the 
total pteroylglutamates in the control extracts. The pteroylglutamate 
levels were calculated to be 102 mug and 192 mug PteGlu equivalents per 
cotyledon of the aminopterin-treated and control samples, respectively. 

As before, disks of the 24 hour treated tissues were examined for 
ability to carry out photosynthesis in HC**03. To better assess the 
effect of aminopterin on photosynthesis, the HC’*0; was administered 
for periods of 45 seconds and 5 minutes, respectively. The data for 
both feeding periods (Table 16) show that the 24 hour aminopterin treat- 
ment decreased the total incorporation of radioactivity into the 
ethanol soluble fractions. However, in the 45 second feeding, the 
distribution of label among the fractions was not altered appreciably, 
while after 5 minutes a greater percentage of label accumulated in the 
sugar fraction of the aminopterin-treated samples, apparently at the 
expense of the amino acids. 

Further analysis of the amino acid fractions showed that aminopterin 


decreased the incorporation of C’* into the amino acids (Table 17). 
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TABLE 15. The effect of a 24-hour aminopterin treatment on the levels 


of pteroylglutamate dertvatives in excised radish cotyledons 


Derivative by Aminopterin Control 
substituent group Level* Wakes Revels ee 
Formyl derivatives 5150 34 TVA) 29 
Methyl derivatives 390 Z 13510 20 
Unsubstituted 

derivatives t+ 1200 9 4100 17 
PteGlu 7690 DD Mens le 


Total recovered 
from column 14010 24730 


* Data are expressed as mug PteGlu equivalents/g d. wt. for L. caset. 
iy) 


** Denotes % of total recovered from the column. 


+ Excludes PteGlu. n.d. - not detected. 


Excised 6-day-old radish cotyledons were infiltrated with 2x10 °M 
aminopterin or water and incubated in nutrient medium as described in 
Materials and Methods. After lyophilization of the cotyledons, 
derivatives were extracted by Method I, treated with chicken pancreas 
y-glutamyl carboxypeptidase and chromatographed. JL. casez and S. 


faecalis were used to assay the fractions. 
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However, when compared to the total C’* incorporated into the amino 
acid fraction, the radioactivities in individual amino acids were not 
equally affected by aminopterin. For example, after 45 seconds of 
HC'*O3, fixation by the aminopterin-treated tissue, the percentage of 

C** in aspartic acid was higher than in the control but lower in glycine 
and serine. After 5 minutes of photosynthesis, serine and glycine 
contained approximately 48% and 29%, respectively, of the total C!* 
incorporated into the ethanol soluble fractions of aminopterin-treated 
tissue, as compared to approximately 43% and 34%, respectively, in the 
controls. 

Since HC’*0, was readily incorporated into glycine and serine 
during photosynthesis (Tables 14 and 17) but not into the formyl and 
methyl groups of H,PteGlu (Figure 8), it was of interest to determine 
the intramolecular distribution of C’* in these amino acids. Samples of 
glycine and serine, isolated after chromatography, were degraded to 
examine this as summarized in Table 18. In all of the degradations, 
approximately 90% of the initial radioactivity was recovered as C*0). 
The results clearly show that after 5 minutes of photosynthesis both 
glycine carbons were essentially equally labelled, while the carboxyl 
carbon of serine contained 35% of C'* present in this amino acid. The 
intramolecular distribution of C'* in the amino acids from aminopterin- 
treated tissues was essentially like hte tot the control: 

Degradations were also performed on the glycine and serine labelled 
after 45 seconds of photosynthesis. Random labelling of the glycine 
molecule was again observed and approximately one-third of the radio- 


activity in serine was present in the carboxyl position (Table 18). 
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DISCUSSION 


The significance of the data presented in the Results will now be 
discussed in separate sections which deal with various aspects of the 


present study of pteroylglutamates in photosynthetic plant tissues. 


The Extractton of Pteroylglutamates from Plant Tissues 


The present studies have clearly demonstrated that the observed 
levels of pteroylmono- and polyglutamates in plant extracts were strongly 
dependent on the extraction technique used (Tables 3 and 4, Figure 4). 
An enzymic factor, or factors, was responsible for hydrolysis of poly- 
glutamates to monoglutamates during extraction by Method II (Figure 2, 
Tables2). #\ ihisetechnaquethadebeensrecomnendedrearliere(Rirdwerkak, , 
1965) for determining blood and liver pteroylglutamates in as near 
their naturally occurring states as practicable. Due to this hydrolysis, 
it was necessary to modify Method II in a number of ways. The procedure 
of heating the tissue before homogenization (Method I) was found to be 
themmost satisfactory and <preterred methodtobrextraction: of radish 
cotyledon pteroylglutamates for the following reasons. 

(a) Only very low levels of mono- and diglutamate derivatives 

were present in extracts prepared by Method I. This 
indicated that hydrolytic activity was non-existent or 
minimal. 

(b) Method I ensured that any other indiscriminate enzyme 

reactions which might transform pteroylglutamates from 


their naturally occurring’ states would also be minimal. 
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The importance of this latter precaution is in fact 
emphasized by later work of Bird et al. (1969) who 
demonstrated that a significant formylation of H,PteGlu 
occurred during preparation of pteroylglutamate extracts 
from rat liver. As a consequence they recommended 
enzyme denaturation at 95°C in ascorbate before homo- 
genization of the liver slices. 

(c) The levels of total pteroylglutamates extracted by 

Method I were equal to those obtained with Method II 
(lables) < 
In further investigations with other plant species (Table 4) these 
general advantages of Method I were also apparent. In each case it was 
clear that extensive hydrolysis of conjugated derivatives occurred 
(Method II) unless precautions were taken to inactivate endogenous 
enzymes. 

In other investigations (Iwai et al., 1959; Santini et al., 1964) 
such precautions were not taken in the extraction of leaf tissues; 
nevertheless high levels of pteroylpolyglutamates were found. As the 
buffers used in these investigations had pH values close to 7, it is 
likely (Appendix II) that the endogenous hydrolases were less active and 
conjugated derivatives remained in the final homogenate. The endogenous 
y-glutamyl carboxypeptidase activity responsible for the hydrolysis of 
pteroylpolyglutamates in extraction Method II may be due to a number of 
enzymes. One of these could conceivably be a specific pteroylpoly- 
glutamate hydrolase having importance in the interconversion of pteroyl- 


polyglutamates tn vivo. 


The present investigations have also shown that lyophilization of 
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radish cotyledons before extraction did not affect the total level of 
pteroylglutamates (Table 3). The value of lyophilization as a technique 
in the study of pteroylglutamates in plants was readily apparent when 
experiments involving sampling of illuminated tissues were undertaken 
(Table 10). In such studies it was desirable to kill the tissue as 
quickly as possible as this work revealed that pteroylglutamate levels 
were markedly affected by light. Another advantage to lyophilization 
was that a large, relatively homogeneous, sample of tissue could be 
rapidly and conveniently preserved for later analysis. Furthermore, 

a number of other determinations, such as free amino acid levels and 


chlorophyll contents, could be made with such a tissue sample. 


Derivatives of HyPteGlu in Photosynthette Plant Tissues 


In agreement with earlier studies (Toepfer et al., 1951; Iwai et 
Gb, 19595) oantinilet al., 1964; Roos et al. 19685, Rohrinver er ala, 
ICR wine photosynthetic plant tissues used in the present work were 
found to contain readily detectable amounts of pteroylglutamates (Tables 
3 and 4). Tissues from four different species were found to contain 
amounts ranging from approximately 14 ug per g d. wt. to 30 ug per g d. 
weetor wheat leaves and radish cotyledons, respectively... 1t-1s interesi- 
ing to note that the level of pteroylglutamates in spinach leaves (Table 
1) exceeded the levels reported for this tissue by others. The main 
reasons for these discrepancies may be related to the use, in the present 
studies, of an improved extraction technique which employed ascorbate 
and heating at 95°C, ensuring protection of the labile derivatives. 
However, these differences could also be due to differences in the 


physiological condition of the tissue analyzed. It is also of interest 
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to note that the quantities of pteroylglutamates in the plants examined 
in the present investigations are comparable with those reported by 
others for yeast cells, housefly, wheat leaves and wheat rust spores 
extracted in the presence of ascorbate or dithiothreitol to protect 
labile derivatives (Table 19}... in contrast, plant tissues.are not as 
rich in pteroylglutamates as rat liver or Physalta (Table 19). 

A detailed examination of individual pteroylglutamate derivatives 
present in plant tissues showed that they contain a complex pattern of 
derivatives. The derivatives differed from one another with respect to 
the one-carbon substituent group and the number of glutamic acid moieties 
(Table 5). The bulk of these derivatives were found to be conjugated 
when precautions were taken to prevent their hydrolysis during 
extraction. When the degree of conjugation was examined (Figure 5) it 
appeared to be variable and included both methyl and formyl derivatives. 
Variations in the number of glutamic acid residues of such polyglutamyl 
derivatives have also been observed in chicken liver extracts by Noronha 
and Silverman (1962). 

The results of the present investigation also show that large 
amounts of the H,PteGlu derivatives in plant extracts were substituted 
with formyl groups in the N?° and N° positions (Table 5). The presence 
of considerable amounts of fomylated pteroylglutamates in extracts of 
green plant tissues is consistent with earlier work (Iwai et al., 1959; 
Santini et al., 1964). Formyl derivatives have also been found in 
extracts of dormant and germinating seeds by others (Rosso, 1958; Roos 
Ctal., 1968). All of the plant extracts assayed in this investigation 
(Table 5) also contained significant quantities of methyl derivatives. 


As these compounds have been detected in animal tissues (Noronha and 
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TABLE 19. Quantities of pteroylglutamates in different tissues. 


Source Uc/e 2. WL. ug/g d. wt. Reference 

Rat liver PA bos -- Bird et al., 1969 

Physalta 40 -- Wittenberg et al., 
1962 

Yeast -- 30.0 SCheGlel wer dls yeu S 

Housefly* -- 29%) Miller, .1969 

Wheat rust spores == 24.5 Jackson et al., 1970 

Pea cotyledons -- a0 Shah et al., 1970 

(6-day-old) 

Wheat leaves 1.66 -- Rohringer et al., 
1969 

Wheat leaves 1276 15.8 Present work 

Pea leaves Ise 14.4 Present work 

Spinach leaves gE) ASS) Present work 

Radish cotyledons 5250 Soe Present work 


+ &. easet assay, after peptidase treatment. 


* Acetone powder preparation extracted with dithiothreitol as protective 


agent. 
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Silverman, 1962; Silverman et al., 1961; Bird et al., 1965) mammalian 


blood (Bird et al., 1965) wheat leaves (Rohringer et al., 1969) pea 
seedlings (Roos et al., 1968), and yeast cells (Schertel et az., 1965), 
their occurrence is no doubt ubiquitous. Unsubstituted H,PteGlu 
derivatives were also detected in the extracts, usually as very minor 
constituents of the pteroylglutamate pool (Table 5). It is noted, 
however, that the level of these derivatives appeared to be dependent 
upon the illumination of the tissue immediately prior to its being killed 
Glo lesm (yal Zeandsl>) 

The presence of these differently substituted derivatives in 
extracts of plant tissues is consistent with the involvement of pteroyl- 
glutamate coenzymes in the one-carbon metabolism of SEE vtvo as 
Gublined in thesintroduction.. The absence, 6.5, 10-CH=H PteGlu and 
De U=C Hi CeGlu: derivatives, does not preclude their, occurrence ti vivo. 
Since in aqueous extracts they would be found as 10-HCO-H,PteGlu and 
H,PteGlu derivatives respectively. In this connection, the incorporation 
of formate-C!* into methyl derivatives (Figure 10) may indicate that 
these two unstable derivatives were intermediates in the formation of 


the methyl derivatives. 


The Posstble Importance of Conjugated Pteroylglutamates tn the Metabolism 


of Higher Plants 


The present results show that the pteroylglutamate derivatives 
present in plant tissues were highly conjugated (Tables 3, 4 and 5; 
Figures 4 and 5). It appears that these derivatives contain more than 
three glutamic acid residues as only low levels of mono-, di-, and tri- 


glutamate derivatives were found. The predominance of conjugated 
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102% 
derivatives and the finding that these were affected by aminopterin 
treatment (Tables 12 and 15) and light (Table 10) suggest that conjugated 
derivatives are of physiological importance. 

Many reactions mediated by pteroylglutamates may involve the 
conjugated coenzyme forms. In support of this it is known that the 
rate of methionine formation by 5-CH3-HyPteGlu:homocysteine methyl- 
transferase preparations from plant leaves is 5-10 times greater when 
5-CH3-HyPteGlus replaces 5-CH3-HyPteGlu as methyl donor (Burton and 
Sakami, 1969). There may be other enzymes in plants which preferentially 
bind conjugated pteroylglutamates as has been demonstrated in micro- 
organisms. Rabinowitz and associates, in their study of 10-HCO-H,PteGlu 
synthetase and 5,10-CH2=HyPteGlu reductase from Clostrtdiwn species, 
found the K,'s for the triglutamyl derivatives to be 10- and 3-fold lower 
respectively than that for the corresponding monoglutamates (Himes and 
Rabinowitz, 1962; Uyeda and Rabinowitz, 1967). Also, the conversion 
of serine to glycine by Clostridium extracts occurred more rapidly with 
pteroylpolyglutamate coenzymes (Wright, 1956). Rabbit liver preparations 
readily utilized H4PteGlus as coenzyme in the formation of serine from 
glycine and formaldehyde (Blakley, 1957). It is interesting to note 
that the 5-CH3-HyPteGlu:homocysteine methyltransferases of N. crassa and 
S. cerevtstae appear to be specific for conjugated methyl derivatives 
(Burton et al... 1969). 

Despite these findings regarding pteroylpolyglutamates, one must 
~* cognize that nearly all the plant enzymes dependent on pteroylglutamate ~~ 
coenzymes have been studied almost exclusively a monoglutamate 
derivatives (for references see Introduction). Thus conjugation is not 


an absolute or general requirement tn vitro. Clearly, further 
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investigations are necessary to elucidate the significance of conjugation 


in the functioning of pteroylpolyglutamates in vtvo. 


Selected Aspects of the Metabolism of Pteroylglutanates in Radish 
Cotyledons 

(a) Pteroylglutamates tn ettolated and green tissues. 

The rapid increase in the pteroylglutamate content of radish 
cotyledons accompanying germination (Figure 6) suggests that these 
derivatives are important in the metabolism of this tissue. Green 
cotyledons had a much higher level of these compounds than etiolated 
tissues (Figure 6). In view of their known catalytic role in one-carbon 
metabolism such a result would be expected, as germinated tissues have a 
much more intense and complex metabolism than ungerminated tissue. Con- 
sistent with the interpretation of a correlation between pteroylglutamate 
content and metabolic intensity are the lower levels of pteroylglutamates 
inesenescine cotyledons (Figure 6)% Other studies (Shah e¢ al. , 19/0: 
Okinaka and Iwai, 1970) have demonstrated that pea cotyledons also con- 
tained much larger quantities of pteroylglutamates after a germination . 
period of 4 to 8 days. Green wheat leaves also contained higher levels of 
pteroylglutamates than their etiolated counterparts (Table 6). 

Illumination of etiolated radish cotyledons for 24 hours increased 
the pteroylglutamate content by approximately 20% (Table 7). These 
results again support the concept that more of these compounds occur in 
tissues with a more intense and complex metabolism. In this particular 
instance, part of this increase may be related to an involvement of 
pteroylglutamates in the biosynthesis of chlorophyll (Figure 7) as well 
as other aspects of chloroplast metabolism (Shah and Cossins, 1970a, b). 


Earlier reports support the conclusion regarding pteroylglutamates and 
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104. 
chlorophyll biosynthesis in pea seedlings (Schopfer and Grob, 1954) and 
Chlorella (Scheffrahn, 1966). On the other hand, the higher levels in 
green tissues may reflect a special role of pteroylglutamates in the 


autotrophic metabolism of these tissues as discussed below. 


(b) The function of pteroylglutamates in photosynthetic metabolism. 

The present work illustrates that the pteroylglutamate derivatives 
which occur in illuminated radish cotyledons are markedly different from 
those found in darkened tissues (Table 10). An inverse relationship 
apparently exists between the levels of the formyl and unsubstituted 
derivatives in the extracts of tissues obtained from these different 
physiological conditions. Thus it appeared that after illumination of 
the cotyledons, a large part of the pteroylglutamates originally with 
a one-carbon group at the formyl level of oxidation now occurred as 
H4PteGlu and 5,10-CH2=H,PteGlu derivatives. Two proposals can be 
advanced to account for these light-induced changes. Firstly, the 
high levels ee H,PteGlu found may be involved in the light dependent 
flow of carbon through the glycolate pathway. In this connection the 
present studies (Table 18) suggest that reactions of this pathway are 
instrumental in the synthesis of the glycine and serine, as judged by 
the random labelling of these amino acids after only a very short period 
of photosynthesis of HC'*0; (Rabson et al., 1962; Hess and Tolbert, 
1960. eBruim et als, 1970). Although thee2 ands Ccarpons) of serine were 
not analyzed separately, the data argues for serine formation via the 
glycolate pathway. Recent studies have indicated that the glycine 
decarboxylation reaction of the glycolate pathway can proceed at a rate 
greater than the serine hydroxymethyltransferase reaction im vittro 


(Kisaki et al., 1971b). If this reflects the situation tn vivo, 
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5, 10-CH,=H,PteGlu derivatives would be expected to accumulate, resulting 
in high levels of unsubstituted H,PteGlu derivatives in the aqueous 
extracts. In order to account for the changes in the levels of formyl 
derivatives (Table 10) in this proposal, it is further suggested that in 
darkness these derivatives represent a storage pool of coenzyme which, 
after a rapid reduction of the one-carbon group by NADPH2 (Scheme 2), 
can enter the glycolate pathway at the point of serine synthesis. 
These derivatives would be the small unlabelled one-carbon pool which 
Hess and Tolbert (1966) have postulated to account for the lower than 
expected levels of C'* in the serine-3 position after 4 seconds of C!*0, 
photosynthesis by tobacco leaves. Alternatively, the coenzyme could 
enter the pathway at the point of glycine decarboxylation after transfer 
of the formyl group in other synthetic reactions. 

Secondly, the higher levels of serine found in illuminated radish 
cotyledons (Table 11) may also be responsible for the high levels of 
H,PteGlu, being found in extracts of light-harvested tissue. As the 
serine hydroxymethyltransferase reaction is a readily reversible reaction, 
the higher levels of serine would increase the tendency of reaction to 
proceed in the reverse direction (¢.e. to glycine formation), trapping 
relatively large amounts of H,PteGlu, as 5,10-CH2=H,PteGlup. This 
hypothesis is, however, less plausible than the first because it 
necessitates that the oxidation of the one-carbon groups of 5,10-CH2= 
HyPteGlu,, be restricted in the light. 

Other mechanisms are also possible either instead of, or in addition 
to, the two already suggested. In recent years, considerable evidence 
has accumulated which indicates that the activity of certain enzymes may 


be regulated by light (Hatch and Slack, 1970). Perhaps pteroylglutamate 
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dependent enzymes are among those subject to this type of regulation. 
It may also be speculated that 5, 10-CH=H,PteGlu, and 5, 10-CH2=H,PteGlu, 
are functional in light-driven electron transport with each molecule 
rapidly alternating between the two forms as it picks up electrons, 
possibly from photochemically generated NADPHz, and transfers them to an 
as yet unknown acceptor. 

Clearly, it would be desirable to elucidate the effects of light 
on the constituents of the pteroylglutamate pool with further experiments 
using radish cotyledons. The changes in the levels of the pteroyl- 
glutamates in response to varying periods of light and darkness is one 
aspect which requires more detailed examination. A number of experiments 
involving inhibitors also come to mind. For example, experiments with 
DCMU y(Mitlin er ql... 1966) could confirm the iicht dependent nature ot 
the pteroylglutamate pattern found in the present results (Table 10). 
Inhibition of the glycolate pathway by a-hydroxysulfonates (Zelitch, 
1965) could conceivably prevent the accumulation of H,PteGlu related 
to operation of the glycolate pathway but not that affected by levels 
of serine, light-activated enzymes or electron transport. 

The effect of light on the levels of individual pteroylglutamate 
derivatives should also be examined in other plant tissues. In such 
investigations, comparisons might be made of tissues which differ in 
their ability to photorespire. As the COz produced in photorespiration 
is believed to be derived from the glycine decarboxylase reaction 
(Kisaki et al., 197la, b), a correlation between the rates of photo- 
respiration and levels of unsubstituted H,PteGlu derivatives might be 
found. 


The photosynthesis of Hc+*O, did not result in labelling of the 
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formylated and methylated pteroylglutamate derivatives (Figure 8). 
Without a reasonably direct flow of photosynthetically fixed HC!*0O; into 
these derivatives, a considerable dilution of specific radioactivity 
could be expected. Low specific activities of an immediate precumsomor 
the one-carbon group of the derivatives would make it difficult to 
measure the levels of C'* associated with the latter. As the glycolate 
pathway is highly compartmented (Tolbert, 1971), it could provide a 
reasonably direct route for the entrance of HC’*03 into the pteroyl- 
glutamate bound one-carbon pool via 5,10-C**H,=H,PteGlu,. Unfortunately, 
this derivative dissociates into formaldehyde-C'* and HyPteGlu, ; 
therefore, it is impossible to assess the amount of radioactivity assoc- 
iated with it. It is likely that compartmentation causes the one-carbon 
groups to be preferentially used in serine biosynthesis and hinders the 
entry of the derivative into the compartment in which methylated forms 
predominate (see below). After glycine-2-C!* feeding, the pteroyl- 
glutamates were also not labelled. Theoretically, glycine-2-C'*,. as a 
substrate for glycine decarboxylase, would be a good precursor of 5,10- 
C**H2=H,PteGlu,. But again, compartmentation could restrict the labell- 
ing of the formylated and methylated pteroylglutamate derivatives even 
ieyhach specific activity. glycine-2-C’* would enter the decarboxylase 
reaction, as this reaction appears to be strictly localized in the 
mitochondria (Kisakiet al., 1971b). However, as levels of free glycine were 
high in eet ead sh tissues. (labiewi1) athe, dilution ofthe 
glycine-2-C’* must also have been considerable. 

Formate-C!* was rapidly incorporated into formyl and methyl pteroyl- 
glutamate derivatives (Figure 10). As the feeding period was only 10 


minutes, it is likely that the substituent proups, rather than the rest 
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108. 
of the molecule, contained the C’*. In the light of the results with 
the HC'"03 feeding (Figure 8), it can be concluded that the formate was 
not oxidized to CO. by formate dehydrogenase (Cossins and Sinha, 1965) 
and refixed. 10-HCO-H,PteGlu synthetase was probably the enzyme which 
initially metabolized the formate-C!*. This enzyme, at present, has 
not been demonstrated to occur in radish cotyledons but there is no 
reason to doubt its occurrence as it has been found in a wide variety of 
plant species and tissues (Hiatt, 1965; Iwai, 1967a, b). Although both 
non-photosynthetic and photosynthetic plant tissues readily metabolize 
formate (Cossins and Sinha, 1965), the physiological importance of free 


formate in plant one-carbon metabolism has not been ascertained to date. 


(c) The effect of antnopterin on pteroylglutanate metabolism 

and photosynthesis. 

The present investigation has also shown that the treatment of 
excised radish cotyledons with aminopterin decreased their levels of 
tetrahydropteroylglutamate derivatives and caused PteGlu to accumulate 
(Tables 8, 12 and 15). Levels of methyl derivatives and PteGlu were the 
most markedly affected and showed an inverse relationship. The highly 
selective effect of aminopterin on methyl derivatives implies that the 
pteroylglutamate metabolism of these tissues is to some extent compart- 
mented. In this respect it appears that the bulk of the methylated 
derivatives occupy a pool distinct from that shared by the major part 
of the formyl and unsubstituted derivatives. Of particular interest 
here are studies regarding the compartmentation of pteroylglutamates in 
rat liver (Wang et al., 1967) and pea cotyledons (Clandinin and Cossins, 
1971) which have revealed that mitochondria contained mostly formyl 


derivatives while the bulk of the methyl derivatives occur in the 


= 7 =, ee _ : | -_ 7 
"0 bcs ie a rie oe mt obi 


oe t oie : 
dew Stunted “Ode thi} tipi ot tho 3 8: wnat) FP ve jo a 


coat ti 
} a 


t eer ee 
i iam ead §eRton tye? Wine? gli ctatit ale — As 


=] oes 


rset whi? hun wes) Skanagormieie Faia etl 
mn vy ee _ 

wh 34} bbe uty eye) rea ed me a | CPT ET ari? fe Hinde: cabin | este 

b+ eradd aud enabatetoo Gerhers ai T1990. oF baru tz “cmb st i Jor 
fo yiootey eblv anf hiwoF tag! amie 4m wonsteeaboo ends ag renee 


. ~~ 
act tanh yt] wns) “uaeke Gee eel @ sey 


if ‘ 
; yee _ 
J roe P Tacler VSS ee ; Hie We ‘creased * nat 
+ .¢ 7 
fi. 40 oantribot «Lavigateti le (ORN arta foe, ened} ! stro} 
. : _ a _ a 
; , tay r : ' a % ‘oy (vithis J Tomy et iy Self ed Tis OS py 
‘ + 
i ; = es a 
j x rat > : oe eae 
j 7 7 
Mei 3 itt) 


8 | ' Poa Mbiee! seen fiver ait 7 
to plinvel 7 iba: we 4 ; i? N2ren PREIS YI OO deiber beet a 
Lriapare oF tinh) uu Baa on elev ire. Sean iat Yo siqunbvgles’ a 

rhi veer : 24 ' ML, ] eT TiAl. Th i pwd if iy : 2 ae i cits fi m tec ity 

siav len cee $45 [9h ie CO ae dtrordnc 3 at } i; fi kaos 
~FiEe® Myre: a2 oy 23 litte 7 2 cre Doge prim y dq, ale 
hostct rans to dyuel vit. That eRe at somes edt 


; : oe: ss oo 
Sli topes eats et ornate wht tws)) Realeega oi = uel 


— | | : -_ 
te PRETO, THT mH as vi naiitsaby Batter Ger hott 
io Ke ~~ 


"ae. a) fume tut Ky ms 9 ain waren ve ite 


e% or 
re tna! min ei a - at eyes Uae ee 
71 — ‘i 
: Fe: aah tres a me lac eid toh 
oo Af a . - 
ee a seo evi ~ wl (ki ye hE rae 


— 


wee 


109. 
cytoplasm. Perhaps radish cotyledons also have a concentration of 
formyl derivatives in the mitochondria. The concept of a large pool of 
formyl derivatives in the mitochondria would link well with their 
postulated role in the reactions of the glycolate pathway and logically 
explain why levels of methyl derivatives were hardly affected by light. 
(Table 10). As nearly all the methyl derivatives were depleted within 
6 hours of aminopterin treatment (Table 12) it is reasonable to assume 
that those of the chloroplastic pool (Shah et al., 1970; Shah and 
Cossins, 1970a) were also drastically reduced. Thus it appears that the 
chloroplastic pool of pteroylglutamates is more susceptible to amino- 
pterin then the pool containing the bulk of the formyl derivatives. 

The rapid rate of loss of methyl derivatives suggests that the turn- 
over of methyl groups, themselves, must be high. This is to be expected 
as autotrophic tissues are probably highly dependent on the pteroyl- 
glutamate coenzymes for methyl groups. Theoretically, a high rate of 
turnover could be assessed by rapid incorporation of exogenous 5-C!*H,- 
H,PteGlu into metabolic products. However, in practice, studies of this 
type by others have been inconclusive as neither wheat leaves (Rohringer 
et al., 1969) nor pea cotyledons (Roos and Cossins, 1971) appeared to 
extensively metabolize the methyl group of 5-C’*H,-H,PteGlu. 

The PteGlu occurring in extracts of aminopterin-treated tissues 
could have originally been the skeleton of the methyl pteroylpoly- 
glutamates or it could have formed de novo from guanosine triphosphate 
before pteroylglutamate deficiency prevented the formation of this 
precursor of the pteridine nucleus (Blakley, 1969). The reactions are 
outlined in Scheme 4. Considering the inverse relationship between 
levels of PteGlu and methyl derivatives (Tables 8, 12, and 15) and the 


rapid rate of accumulation of PteGlu (Table 12), it is proposed that 
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SCHEME 4. THE POSSIBLE MECHANISMS FOR THE FORMATION OF PTEGLU IN 


_AMINOPTERIN-TREATED RADISH COTYLEDONS 


Reaction No. Description of Reaction(s) 
iL 5-CH3-H,PteGlu: homocysteine methyltransferase 
2 5 ,10-CH2=HyPteGlu reductase 
3 See Scheme 2 (on page 12) for details 
4 Thymidylate synthetase 
5 H2PteGlu reductase 
6 Pteroylpolyglutamate hydrolase 
7 Pteroylpolyglutamate synthetase 
8 A series of 6 reactions involved in the de novo 


synthesis of H2PteGlu from GTP 


9 Enzymatic or non-enzymatic oxidation reaction 
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PteGlu is formed mainly from the tetrahydropteroylglutamate pool which 


is involved in one-carbon transfer, methyl group formation, etc. (Scheme 
4, reactions 1, 2, and 3). The pool becomes depleted of reduced 
coenzyme because of the thymidylate synthetase reaction (reaction 4) and 
the blockage of H2PteGlu reductase by aminopterin (Blakley, 1969). Then 
H2PteGlu is oxidized enzymically or non-enzymically (reaction 9) to 
account for PteGlu in the extracts. Nieman and Poulsen (1967) have 
presented evidence that DNA synthesis commences within 6 hours after 
radish cotyledons have been excised and incubated under appropriate 
conditions; thus one can argue that in the present investigations: an 
active formation of the DNA precursor thymidylate was actively being 
formed before that time. 

It istinteresting to note: that«PteGln jeand mot: PteGlu, ,taccumuil ated. 
This is interpreted as meaning that the thymidylate synthetase has a 
specific requirement for the monoglutamate, making it necessary to 
postulate pteroylglutamate hydrolase reactions (reaction 6) in Scheme 
4. It is not likely that H,PteGlu, would be hydrolyzed while the bulk 
of the other derivatives remain as polyglutamates.. 

The quantities of PteGlu formed de novo may also have contributed 
significantly to the total levels of PteGlu assayed. The reason for 
arriving at this conclusion is as follows. 

(1) It is reasonable to assume that de novo synthesis of 

H,PteGlu ceases 6-12 hours after the initiation of 
aminopterin treatment because the pteroylglutamate pool, 
active in the general one-carbon metabolism of the cell, 
was essentially depleted in 6 hours, preventing the 


biosynthesis of purines. On the basis of this and 
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the difference in total levels between aminopterin-treated 
and control tissues (Table 15) the loss of pteroylglutamate 
skeletons is estimated to be 0.6-0.8 ug/g d. wt. per 
hour. 

(2) It is also known that levels of total pteroylglutamates 
in 6- and 7-day-old radish cotyledons were steady 
(Figure 6), meaning rates of synthesis and degradation 
of pteroylglutamate skeletons must be equal in tissues 
of this age. Thus the rate of synthesis de novo must 
dlsouDe,010-U28 c/o d. We. Perelcln um noma: tissue, 
which is up to 40% of the rate of PteGlu accumulation 
in the aminopterin-treated tissues (Table 12). 

In this connection, it would be of considerable interest to obtain 
more precise information of the turnover of pteroylglutamate skeletons, 
which could possibly be assessed by a study of the effect of sulfonamides 
on their levels. Such infomnation would allow a better estimation of the 
face Of Conversion Of methyl derivatives to PteGlu, and might cast addition— 
al light on the relationship between functionally compartmented pools of 
pteroylglutamates. It is intriguing to speculate that a rapid rate of 
turnover may be part of the regulatory mechanism controlling levels of 
pteroylglutamates in plant tissues which in turn could affect other 
synthetic pathways by occurring in rate-limiting quantities. 

The study of the effects of aminopterin on photosynthesis was 
conducted primai ly to identify reactions of photosynthetic metabolism 
which are dependent on tetrahydropteroylglutamates. Aminopterin was 
found to affect photosynthesis of cotyledons treated with this analogue 


for a 24 hour period (Tables 16 and 17). In contrast tissues which had 
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been treated for only 3% hours were not inhibited in this respect 

(Tables 13 and 14). After a 24 hour aminopterin treatment, illuminated 
radish cotyledons had impaired ability to fix HC'*O} into the ethanol 
soluble compounds, especially those present in the organic acid and amino 
acid fractions. It is important to consider how these results might be 
related to the levels of individual pteroylglutamate derivatives present 
after 24 hours of aminopterin treatment. 

Theoretically, the reduced levels of formyl and unsubstituted 
derivatives may have limited the rate of glycine-serine conversion and 
consequently the flow of C'* through the glycolate pathway. This does 
not, however, appear to be the case. In the 45 second HC!"03 feeding 
experiments, the ratios of labelled glycine and serine in the aminopterin- 
treated cotyledons were not significantly different from those of the 
controls, while in the 5 minute experiments the ratios for the treated 
tissues were actually lower than those of the controls. Since the 
methyl derivatives did not appear to be important intermediates in the 
fixation or subsequent metabolism of HC**03 (Figure 8), it is doubtful 
that the ipileeinat of these derivatives was directly responsible for the 
different labelling pattern observed. On the other hand, the loss of 
methyl derivatives, which no doubt affects ability of the inhibited 
tissues to generate methyl groups, may have had far reaching consequences 
on the photosynthetic, as well as the general, metabolism of these tissues. 
For example, in a complex process such as photosynthesis there are 
conceivably enzymes which have a short half-life. In normal tissues 
these are constantly synthesized so the rate of the reactions which they 
catalyze do not become rate-limiting as a result of low enzyme concentra- 


tions. Since an absence of methyl groups will probably result in 
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shortages of both methionine and t-RNA's which are dependent on methyl- 
ation for activity (Yarus, 1969), it is likely that protein synthesis is 
restricted in aminopterin-treatéd tissue and consequently deficiencies of 
enzymes with a short half-life will ensue. As purine biosynthesis depends 
on pteroylglutamate coenzymes, a pteroylglutamate deficiency could also 
result in a depletion of NAD, NADP, and ADP and specific RNA's, which in 
turn could limit the rate of HC)"03 fixation as well as play a regulatory 
role in the flow of C’* into various products. As no detailed examina- 
tions were made of the secondary effects due to tetrahydropteroylglutamate 
deficiency, it is only possible to give general explanations without 
singling out the critical secondary effect, if one exists. More detailed 
research is necessary to elucidate the effects of pteroylglutamate 


deficiency on the incorporation of HC!"03 in radish cotyledons. 
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116. 
CONCLUSIONS 


On the basis of the present work, the following major conclusions 
can be drawn regarding the occurrence of pteroylglutamate derivatives 
in photosynthetic plant tissues and their metabolism in radish 
cotyledons. 

(1) All the photosynthetic plant tissues examined contained 

readily detectable levels of pteroylglutamate derivatives. 
They were recovered as highly conjugated formylated, 
methylated, and unsubstituted derivatives in aqueous 
extracts. 

(2) Levels of individual derivatives recovered in extracts 

of radish were dependent on the physiological state of 
the tissue. 

(3) The methylated derivatives were in a rapid state of 

turnover and appear to be compartmented from the bulk 
of the formylated and unsubstituted derivatives. 

(4) There was evidence for a rapid formation of glycine 
and serine via the reactions of the glycolate pathway. 
The higher levels of H,PteGlu, found in illuminated 
cotyledons may have been due to their involvement in 
this pathway. 

(S) Evidence which might have indicated that one-carbon 
groups for general one-carbon metabolism arise directly 
from the glycolate pathway or its intermediates could 
not be obtained. 

Unfortunately, the lack of detailed experimental evidence makes 


many of the statements regarding the function of pteroylglutamates in 
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APPENDIX I 


MICROBIOLOGICAL ASSAY - MATERIALS AND METHODS 


Microbiological assay was used extensively for the assay of pteroyl- 
glutamates in plant tissue extracts. The composition of the media for 
Lactobaetllus caset, Streptococcus faecalis, and Pedtococcus cerevistae 
was based on publications of Freed (1966), Jukes (1955), and Bakerman 
(1961) respectively. These publications were also gleaned for general 
methodology of microbiological assay. The medium for P. cerevistae had 
some minor modifications which improved the reproducibility of the growth 
response of this microorganism to d,l-5-HCO-H,PteGlu. The modifications 
were a decrease in acid pace meen increase in sodium citrate and potassium 
phosphate and the use of Mg-, Fe-, MnSO, solution and MnSO, solution 
instead of solids. To avoid preparing and storing two vitamin stock 
solutions, no special vitamin solution as recommended by Bakerman (1961) 
was made for P. cerevisiae. The only vitamin in this solution not 
common to that which was already used for LZ. caset and S. faecalts was 
pteroylglutamate, which, therefore, was added separately to P. cerevisiae 
media. The compositions of the media are given in Table 20. 

After mixing the reagents, the pH was adjusted with NaOH. Toluene 
was removed prior to the addition of Tween 80 to prevent uncontrollable 
frothing. Aliquots (5 ml) of basal assay media were dispensed in 20x150 
mm culture tubes in covered metal racks and autoclaved for 8 min at 121°C. 

The stock solutions prepared as follows were made according to Freed 
(1966) or Hansen (1965) and stored under toluene in a refrigerator. 


Stock solution 1. Acid casein. Acid casein solution was made 
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TABLE 20. Composition of media used in microbiological assay. 


L. ecaser S. faecalis P. cerevtstae 


Stock solutions (ml): 


1. Acid casein 100 100 100 


2. Enzymatic casein -- -- 96 
3. l-Tryptophan 20 20 40 
4. Adenine-Guanine-Uracil 50 50 100 
5. Xanthine | 100 100 100 
6. Asparagine 60 60 60 
7. Vitamins 100 100 100 
GeaMo-> Fe-, Mn-, SO, 10 10 50 
9. MnSO, 20 20 20 
10. Pteroylglutamic acid | oe == 10 
Tween 80 -- . -- ORS 


Dry Reagents* (g): 


Cysteine-HCl UES O35 0.5 
Glucose (Dextrose) — 40 40 40 
Sodium acetate 40 -- 20 
Sodium citrate’H,0 -- 40 30 

KH, PO, i =- 4 
K,HPO, 1 aoe 4 
Glutathione (reduced) 0.005 0.005 0.005 


* Dry reagents were dissolved in 250 ml H,O and then added to the bulk 


of the medium. Final volume of media was made to 1 liter. 
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according to Freed (1966), but the pH was not adjusted back to 7 because 


precipitation of amino acids would occur with certain batches of casein. 
100 g of acid hydrolyzed casein was dissolved in 700 ml H20. The pH 

was adjusted to 3.5 and 20 g of Norit A were added. After 20 minutes, this 
was filtered and the filtrate was made to 1 2. A second charcoal treatment 
was necessary in some cases to remove all compounds with pteroylglutamate 
activity. 

Stock solution 2. Enzymatic casein. This solution was made by 
dissolving 25 g of the enzymatically hydrolyzed casein in 800 ml of H.0 
with adjustment of pH to 3.5. The solution was stirred with 10 g Norit 
A for 20 minutes and filtered. The filtrate was made to 1 2. 

Stock solution 3. 7-Tryptophan. (Hansen, 1965). 5 g Z-tryptophan 
were suspended in 50 ml 1 M HC1, heated till dissolved, and diluted to 
SO0emI 

Stock solution 4. Adenine-Guanine-Uracil. (Hansen, 1965). 0.2 g 
of each nucleotide was dissolved in 10 ml 6M HCl, and diluted to 1 2. 

Stock solution 5. Xanthine. (Hansen, 1965). 0.2 g xanthine was 
suspended in 8 ml concentrated ammonium hydroxide, heated until dissolved 
anGediutedecO Lats 

Stock solution 6. Asparagine. (Hansen, 1965). 5 g of Z-asparagine 
*-H20 was dissolved with heating in 500 ml H20. 

Stock solution /.~ Vitamins’ (freed, 1906). The following were 
dissolved in approximately 300 ml H20: 10 mg p-aminobenzoic acid, 40 mg 
pyridoxine HCl, 4 mg thiamine HCl, 8 mg calcium pantothenate, 8 mg niacin 
and 0.2 mg biotin. Then 10 mg riboflavin was dissolved separately in 200 
ml Hoo with the aid of 0725 ml concentrated aceticvacid. (Pinally, a 


buffer containing the following was prepared: 1.9 g sodium acetate, 1.6 ml 
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concentrated acetic acid and 40 ml water. The three solutions were 


added together and made to 1 2. 

Stock solution 8. Mg-, Fe-, Mn- SOs solution. (Freed, 1966). 

The following were dissolved in 40 ml H20 with the aid of 10 drops 
concentrated HCl, and made to 500 ml: 10 g MgSOu-7H20, 0.5 g FeSOy:5H20, 
and 0.5 g MnSOu-H20. | 

Stock solution 9. MnSO, solution. 2 g MnSO,-H20 were dissolved 
and diluted to 200 ml. 

Stock solution 10. Pteroylglutamate solution. This solution was 
the same as used for the standard curve for L. caset and was 2 mg/ml. 

The bacteria were maintained by monthly transfer to fresh agar 
slants made according to the method Be Freed (1966). 20 Tubes with 
approximately 10 ml agar were made from: 5 g Difco Bacto yeast extract, 
Isgedextrose i ¢ sodium acetate, 5 9 agar, and 200mm water.) Ihe 
mixture was heated with stirring to dissolve the agar, dispensed into 
tubes which were plugged with cotton and sterilized 20 minutes at 121°C. 

Bacterial inoculum broth had the following composition (Freed, 1966): 
Secevireconpeptone,. lo Dieco, yeast cxtract.. Lio. dextrose.) 10, esSodium 
acetate, 5 ml K-phosphate solution (25 g KH2PO, and 25 g KjHPO, in 500 ml) 
and 5 ml Mg-, Fe-, Mn- SO, solution. The broth was adjusted to pH 6.8 
and made to 500 ml. 7 ml of broth were dispensed in 15 x 120 mm test 
tubes and sterilized 15 minutes at 121°C. 

Growth response to standardized quantities of synthetic PteGlu or 
d, 1-HCO-HyPteGlu was routinely measured with all assays of unknowns. When 
titer value was plotted against the amount of synthetic PteGlu or 5-HCO- 
HyPteGlu, a linear plot was obtained for LZ. caset and S. faecalis; a smooth 


curve was obtained for P. cerevistae. Figure 12 shows typical curves. 


=e _— =. me - - a a ee oo. I ae 
era 
At: alt = alee 4 


t yf) 


fa 
fooe? knvri}. _oogtilie «te ant on va .@ mob tuhor 3 2 | 
equyd Of tw cig oit EW Gull die DE at bevioeath orow a ie? i 5 
tatids seed © C0 Catt WORRY, gM cflibe: et aia Spe acl ase ca 
0st leit 42.0 baw, 


(02a g & weiuRoe OanM oe sich teshene apote, 7 
im OMS os Lene ‘bite: 


Kaviveert: crow sil 


agw Agiwtee aidt lapisilor ctemetalglvores , OT sotto Aq0se . 
» 7 a 

fata tin § eaw hit . 7886 oi ea PTL iyvritante. c23 tg bepass 36 mites ott i 

‘ 

yogG f2z91t ot {stvimes 2) «layne! Ieiniamer few STE ont ' 

ai ot gcitrave. shaq-agnete” FF 

ss 
wow doae Cw Ot (iotamizoiggn ° a 


" ‘ y : bo ee Scchys 6 «Cf Cory a 
nf 6-teigw fm i one tae r , oft pae GERSoE S ~ _ weoreemned 2 IL 


ose beahineinAseae ML Bvioeat® of garetts ih pete guw sTyIxtM 
BESS ga estitin OS Sos livete bae veatica: dtw Gagpelqrwres daly eGirt a 
(hood beer) pire teva Pane. st asi. Ot SRN idioms inftetaai 
: 
millLGe 90) ,peordeeh-g (i towne Jegey Goth fb .apoigag aoash ¥ a - 


dain 108 et {OAL 2b tine yO a ex) notaries @indquelliyd Meee eee 
Rigo herenibe epy ditad of! .citdlgs S.-W. gm me Orta 
stad OT x Ti nl bobeaqete eron Peete let) . Tene. ay ene 
O°LS) ony esniain tte Lede bak godine 


aa 


ae gipas? 4 eyitiy Sy amrds pki [54% (Hueiay: In Od MASS T wre 7 


. | 7 
nolt /wtivertlin: tdeveres toy dite Lehgemn oy Poi tlerr ee mieahalkiviie_.. 


COW) 9p HERI SS ferairys’ totes ait aun tapi: dunt sobig ee aa: a 
AA 4 sha ban Bit ret ee ol 7 Lankarde tom Jig “ee etl a 
ai 


20vie a. sales owugi2 oa adi AA sgt ve 
; / 


ee aes , a 


t Smut 


yw ny 7196 <1 bp etlerand 2 Snba3 id Ae Reigoes Alword 

a witedteh—00-8 <2) baw beat 
7 Grinch (e « #) deen 2 30 senogrer sttvosy bait! 
: a oe" ") ey ten 30 be ay eels sivimazus berikvahnd ts 
. ea: ged Uh baie i 
: ae cat os al axis Phu i 
. ” r Bayobrscl ss TA miaraly ged Xt anima Oy nh. . 
2! ra} (slain 300 ety gitiqeh. 

= 

_- 


ane me 


es 


120. 


FIGURE 12 


Growth response of L. casei, S. faecalis, and P. cerevisiae to 


PteGlu and 1-5-HCO-HuPteGlu 


The growth response of L. -caset (@ - @) and S. faecalts (A - A) to 
standardized authentic PteGlu, and of P. cerevtstae (m-@) to l-5-HCO- 
H,PteGlu, was measured by back-titration of the lactic acid produced 


during 70 hours of growth. 
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APPENDIX II 


The Effect of pH on Radish Cotyledon and Pea Cotyledon y-glutamyl 


Carboxypeptidase Activity 


Cell-free extracts were prepared from the cotyledons of 6-day-old 
radish seedlings (grown as described in Materials and Methods) and peas 
germinated in vermiculite for 3 days at 22°C. Tissue samples (10 g) 
were homogenized in 100 ml of citrate-phosphate buffer (pH 5.5). This 
buffer contained 42 mmoles of citric acid and 108 mmoles of K,HPO, per 
liter. The homogenates were centrifuged at 20,000 x g for 10 minutes to 
remove the cellular debris. The supernatants were used for assay of 
y-glutamyl carboxypeptidase activity. 

Radish cotyledon y-glutamyl carboxypeptidase activity was assayed by 
INcuvAtlOnwon Ue5 mi OL the cell-freespreparations (U9 5ang protein), 
100 mg yeast extract (1.25 ug PteGlu equivalents after chicken pancreas 
y-glutamyl carboxypeptidase treatment) and 5 ml of citrate-phosphate 
buffer in a final volume of 10 ml. Variation in pH of the incubation 
mixture was obtained by varying the composition of the citrate-phosphate 
buffer, z.e. differing volumes of 0.2 M citric acid and 0.4 M K,HPO, 
were used (Gomori, 1957). After an incubation period of 40 minutes at 
37°C, the reaction was terminated by boiling for 10 minutes. 

The pea cotyledon y-glutamyl carboxypeptidase activity was assayed 
by incubation of 0.25 ml of the cell free preparation (0.6 mg protein), 
300 mg yeast extract (3.7 ug PteGlu equivalents) and 5 ml of citrate- 
phosphate buffer in a final volume of 10 ml. After an incubation period 


of 60 minutes at 37°C, the reaction was terminated by boiling for 10 
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minutes. 


Hydrolytic activities of the radish and pea cotyledon preparations 
were measured by the increase in growth response of L. caset and 
S. faecalis respectively. Net activity was calculated by subtraction 
of PteGlu equivalents determined for reaction systems which included 


boiled enzyme. The results of these experiments are illustrated in 
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FIGURE 13 


The effect of pH on radtsh cotyledon and pea cotyledon 


y-glutanyl carboxypepttdase activity 


The assay of radish and pea cotyledon y-glutamyl carboxypeptidase 
activity is described in the text. Data are reported as aenasaeades of 
the activity measured at pH 5.5. The final pH was measured after termin- 
ation of the reaction. At the completion of the incubation, the radish 
and pea cotyledon preparations incubated at pH 5.5 had hydrolyzed 35% and 


55% of the added yeast extract pteroylpolyglutamates respectively. 
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